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ABSTRACT
The objective of this dissertation was to investigate the processes that 
control litterfall and nutrient dynamics in two contrasting mangrove 
ecosystems at the Southeastern (SE) Everglades and Terminos Lagoon. The 
main objectives were: a) to determine the spatial and temporal variability of 
litterfall dynamics, b) to evaluate the relative importance of nutrient use 
efficiency as a nutrient conservation mechanism along a natural nutrient 
gradient, and c) to assess the relative importance of nutrient resorption on 
litterfall dynamics. Two hypotheses were tested: a) mangrove species living in 
nutrient-poor environments and in nutrient-rich environments do not differ in 
the efficiency in using nutrients, b) nutrient resorption and nutrient 
immobilization do not differ along a natural nutrient gradient.
Litterfall rates were lowest in a dwarf mangrove forest at SE Everglades 
and highest in fringe and riverine forests at Terminos Lagoon. Litterfall 
dynamics were linked to the local tidal pattern at each study site. Litter 
turnover rates were higher in areas most influenced by tides and lower in 
areas less affected by tides. In areas where tides were less frequent litterfall 
turnover was lower and nutrient immobilization was higher.
Laguncularia racemosa and Rhizophora mangle were more efficient In 
resorbing both phosphorus and nitrogen than Avicennia germinans. This 
pattern was similar at both study regions; however, nutrient resorption was 
higher at SE Everglades sites and lower at Terminos Lagoon sites. Also, 
phosphorus resorption was higher than that of nitrogen, indicating that in
vi
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carbonate environments phosphorus is more limiting than nitrogen. Since 
nutrient resorption was higher at SE Everglades, dry matter degradation was 
slower at these sites, relative to Terminos Lagoon. Thus, nutrient resorption 
plays an important role in controlling the nutrient economy in mangrove forests 
where phosphorus is limiting.
Nutrient resorption was linked to patterns of litterfall dynamics. Thus, in 
mangrove forests where leaf turnover was high, nutrient conservation was 
enhanced at the canopy level, while at sites where leaf turnover was low, 
nutrient immobilization via leaf decomposition became an important 
mechanism to recycle nutrients.
vii
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CHAPTER 1 
INTRODUCTION
Mangroves refer to a unique vegetation of forested tropical wetlands 
that dominate the intertidal environments of tropical and sub-tropical coastal 
areas, broadly between 25 ° North and 25° South latitude (Lugo and 
Snedaker 1974, Tomlinson 1986). Mangroves are also a group of halophyte 
plants that include 12 genera in eight families (Tomlinson 1986). A total of 36 
species have been described for the Indo-West-Pacific region, but fewer than 
10 species have been found in the New World (Smith 1992). Species 
richness is even lower in the Gulf of Mexico and Caribbean region where only 
four mangrove species are commonly found, including red mangrove 
(Rhizophora mangle), black mangrove (Avicennia germinans), white 
mangrove (Laguncularia racemosa), and buttonwood (Conocarpus erectus) 
(Britton and Morton 1989).
Mangrove forests are the major vegetation form that dominates tropical 
river deltas, lagoons, and estuaries that have significant input of terrigenous 
sediments (Thom 1982). However, mangroves can also colonize the 
shoreline of carbonate platforms that are developed from calcareous 
processes in which terrestrial runoff influence is minor (Woodroffe 1992). 
Based on a combination of geophysical forcing functions including rainfall, 
river discharge, tidal amplitude, turbidity and wave power along with land 
morphology, Thom (1982) defined five basic terrigenous environmental 
settings: a) river-dominated, b) tide-dominated, c) wave-dominated, d)
1
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
composite river and wave-dominated, and e) drowned bedrock valley. All 
these environmental settings are influenced by inputs of terrigenous materials. 
However, mangrove forests also occur on carbonate environments dominated 
by calcareous sedimentary processes and nutrient-poor conditions (Woodroffe 
1992).
An ecological-based mangrove classification system developed by 
Lugo and Snedaker (1974) took into consideration the formation and 
physiognomy of the mangrove community and was based on local patterns of 
tides and terrestrial surface drainage. Currently, it is recognized that this 
ecological classification is also influenced by the life history of the mangrove 
species such as dispersion, establishment, propagule predation, differential 
utilization of nutrients and physiological tolerances to stresses (e.g. soil 
salinity, reduced conditions,Twilley et al. 1996).
As Twilley et al. (1996) has pointed out, both classification systems 
represent different levels of organization of coastal ecosystems (e.g. estuaries, 
deltas etc) that influence mangrove ecosystems at different scales of space 
and time. Thus, both classification systems can be used to integrate the 
influence of environmental factors on the structure and function of mangrove 
ecosystems. Therefore, the classification based on geophysical forces and 
geomorphic processes occurring in coastal environments, along with the 
classification based on ecological process occurring within a local habitat, can 
be combined to study and better understand the differences among mangrove 
communities distributed in different regional settings (e.g. terrigenous vs
2
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carbonate). Also, the differences of riverine, fringe, basin, or scrub mangrove 
communities distributed within a specific geomorphoiogic setting can be 
studied and compared with different geomorphoiogic settings. Thus, better 
generalizations about mangrove structure and function can be drawn by 
combining both classification systems.
South Florida is a carbonate-dominated system and Terminos Lagoon 
is a terrigenous-dominated system. Both study regions include the ecological 
mangrove types described by Lugo and Snedaker (1974). Since within a 
specific regional setting the environmental changes are dictated by the relative 
dominance of specific geomorphic processes and geophysical forces, it is 
possible to determine what are the main processes and forces that are 
affecting both study regions. Once these processes and forces are identified, it 
is possible to understand and predict the responses of the different mangrove 
species to these processes and forces. Thus, the structure and function of 
mangrove forests, located on nutrient-poor carbonate environments, provide 
an interesting contrast to those mangroves located on nutrient-rich terrigenous 
environments. At the same time, the ecological significance of the 
ecogeomorphic classification system by Twilley (1995) can be evaluated by 
comparing ecological processes, such as litterfall and nutrient cycling patterns, 
between carbonate-based and terrigenous-based systems.
A number of ecological processes occur within mangrove ecosystems 
including primary productivity, nutrient cycling, litterfall dynamics, 
sedimentation, succession, biomass production, and exchange of materials
3
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and energy among biotic and abiotic components of the system (Twilley 1995). 
The integration of these ecological processes gives mangroves important 
ecological functions such as habitat quality, nursery habitat, water quality, and 
shore protection. In turn, these ecological functions confer mangroves with 
natural uses and economical resources such as tourism, salt production, 
timber, and agriculture. Understanding the link among the ecological 
processes, ecological functions, and uses and values is critical to better 
manage tropical mangrove ecosystems (Twilley 1995).
In this dissertation, I examined two ecological processes occurring in 
two contrasting mangrove ecosystems. I examined the spatial and temporal 
patterns of litterfall production and the role that hydrology may have on litterfall 
dynamics. I also examined resorption patterns of nitrogen and phosphorus 
and their relative role on litterfall dynamics. Several specific questions were 
addressed. First, do litterfall dynamics differ between terrigenous-dominated 
and carbonate-dominated environmental settings? Do litterfall rates increase 
along an increasing tidal continuum? In chapter two, these questions were 
addressed by measuring litterfall rates over two years at SE Everglades sites 
and over five years at Terminos Lagoon sites. Second, are mangrove species 
living in nutrient-poor environments more efficient in resorbing nutrients and 
therefore more efficient in using them, than mangrove species living in 
nutrient-rich environments? Is phosphorus more limiting in carbonate 
environments relative to terrigenous environments? Do mangrove species 
differ in the way nutrients are efficiently used? In chapter three, I addressed
4
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these questions by measuring both nitrogen and phosphorus nutrient
resorption efficiency among three mangrove species. A soil fertility gradient
was used to determine whether or not resorption efficiency was higher at
nutrient-poor sites than at nutrient-rich sites. Third, is nutrient resorption linked
to litterfall dynamics? Does nutrient resorption influence the rate with which
leaf decomposition takes place? Does nutrient immobilization play a major
role in carbonate environments relative to terrigenous environments? These
questions were addressed in chapter four by measuring leaf fall and nutrient
turnover rates and by conducting leaf decomposition experiments.
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CHAPTER 2
LITTERFALL DYNAMICS IN CARBONATE AND TERRIGENOUS 
MANGROVE ECOSYSTEMS IN THE GULF OF MEXICO
INTRODUCTION
Production of leaves in the canopy and subsequent litterfall to the soil 
surface along with decomposition and export processes describes the litterfall 
dynamics in different types of mangrove ecosystems (Twilley et al. 1996). 
Furthermore, measurement of litterfall in mangrove forests represents a useful 
approach to describe ecosystem function and testing hypotheses about 
mangrove production under a variety of environmental conditions and its 
coupling with adjacent water bodies (Lugo 1990). Both leaf production and 
leaf loss as litter have special reievance to studies of primary production in 
mangrove ecosystems. The importance of leaf litter lies on its contribution as 
primary source of energy for consumers. Leaf production also maintains and 
expands photosynthetic potential and provides the basis for a constant supply 
of leaf litter (Clough and Attiwill 1982).
Primary production in mangrove ecosystems is usually evaluated by
measuring litterfall rates. It is important to note that litterfall represents just a
fraction of the total dry matter production. Mangrove total net primary
production can be obtained by summing all biomass accumulation, both
above and below ground, plus all losses of dry matter (Clough 1992). Litterfall
rates for a wide range of fringe mangrove forests in southern Florida and in
Puerto Rico are remarkably uniform with a rate of about 700 g m'2 yr'1.
However, there is a high variability among mangrove types in which dwarf
mangrove forests have the lowest litterfall rates (Pool et al. 1975). Litterfall
7
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rates in Florida and Puerto Rico are lower when compared with an Avicennia- 
dominated mangrove forest in Australia where average litterfall rate was 831 g 
m 2 yr‘1 (Mackey and Smail 1995). Differences in litterfall rates between these 
two regions contrast with their similar seasonal pattern in which litterfall peaks 
during the summer months (Clough 1992). High rates of litterfall that 
characterize better developed mangroves in warmer climates imply high rates 
of leaf production. Working with R. mangle in Florida, Gill and Tomlinson 
(1971) found that rates of leaf production were 1.8 leaves per shoot per month 
during the rainy season, while during the dry season leaf production was only 
0.25 leaves per shoot. Based on this study, the average leaf lifespan was 
estimated to be 6-12 months, a shorter lifespan compared to that of Rizophora 
apiculata in Thailand where it was estimated to be 17-18 months (Christensen 
1978). Shorter leaf lifespan in Florida led to higher litterfall production, while 
longer leaf lifespan in Thailand led to lower litterfall rates. These results 
suggest that there is a strong correlation between peaks of litterfall and peaks 
of leaf production and may indicate that a common internal mechanism 
control both processes (Gill and Tomlinson 1971).
Turnover rates of the litter compartment can be evaluated using the 
model K = L/Xss, where K is the turnover rate, L is the litterfall rate, and Xss is 
the steady state value of litter on the forest floor (Nye 1961). The model 
assumes that the litter compartment is in steady state, with litter production 
equal to litter losses. The residence time (1/k) of litterfall in temperate forest 
has been estimated to be more than 12 months compared to about 6 to 12 
months for tropical forests (Olson 1963). Differences were associated with the 
influence of temperature and soil moisture on the decomposition and
8
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consumption of litter on the forest floor. In frequently flooded mangrove 
forests, an additional fate of the litterfall is export to adjacent coastal waters by 
tidal activity. According to Twilley et al. (1986), the residence time of litter in 
fringe forests is lower than in basin forests because of the increased frequency 
of tides in fringe zone relative to the basin zone. Residence time of litter for 
frequently flooded mangrove forests is generally lower than 4 months with 
some values being 1 month indicating the potential significance of litter export 
to litter dynamics. In Rookery Bay, Florida fringe and overwash mangrove 
forests had residence times of 2 and 1.5 months, respectively (Steyer 1988). 
These values are similar to those reported by Pool et al. (1975) for fringe and 
riverine sites in the Caribbean. In contrast, leaf litter production in basin 
forests is lower than in fringe and riverine sites, yet leaf litter standing crop is 
much higher in this inland zone. Since basin mangroves are located in areas 
with low tidal influence and low litter export, litter residence time is about 6 
months, more than double the values observed for fringe and riverine forests 
(Steyer 1988). These results suggest that longer litter residence time is an 
important factor that may control decomposition, mineralization, and export 
processes occurring in basin mangrove forests. In these examples, higher 
values of litter residence time do not reflect the coupling of mangrove to 
coastal waters, but rather the conservation of organic matter within the forest 
(Twilley et al. 1996).
This study describes the litterfall production, standing crop, and leaf 
litter turnover at two contrasting mangrove ecosystems: carbonate-dominated 
and terrigenous-dominated environmental settings. At each environmental 
setting, fringe and basin mangrove forests were selected to carry out litterfall
9
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dynamics studies Additionally, a dwarf mangrove forest was also chosen at 
the carbonate setting. The main objective of this chapter is to describe the 
spatial and temporal pattern of litterfall production and describe the litterfall 
dynamics occurring within these different forest types.
DESCRIPTION OF STUDY AREAS 
Terminos Lagoon 
Terminos Lagoon is a large (approximately 1800 km2), shallow (mean 
depth 3.5 m) coastal lagoon bordering the southern Gulf of Mexico in the state 
of Campeche, Mexico (Figure 2.1). It is connected to the Gulf of Mexico 
through two inlets, Puerto Real and Carmen, located on either end of Isla del 
Carmen, a barrier island that separates the lagoon from the open gulf. The 
lagoon has a net inflow through the eastern inlet at Puerto Real and a net 
outflow through the western inlet at Carmen caused by prevailing trade winds. 
Tides are mixed diumal with a mean tidal amplitud of about 0.5 m in phase at 
the two inlets. Three rivers, Palizada, Candelaria and Chumpan, drain into the 
lagoon. The largest freshwater discharge, which has a marked effect on the 
salinity and hydrology of the lagoon water, occurs during October and 
November. Average annual precipitation (1680 mm) is seasonal with low 
rainfall occurring from February to May and high rainfall from July to 
November. The same pattern exists over the entire drainage basin producing 
a similar pattern of flow in the three main rivers draining into the lagoon. Air 
temperature ranges from 18°C to 36°C and is also seasonal with the lowest 
average temperatures occurring during January and February and the rainy 
season having the highest temperatures. Maximum wind speeds occur during 
winter storm events from December to February. Based on patterns of
10
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Figure 2.1. Terminos Lagoon region showing the distribution of major habitats 
and the location of the study sites: Estero Pargo, Boca Chica, and Pom-Atasta.
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rainfall, air temperature and wind, three climatic seasons have been described 
in the area: dry season from middle February to early June, rainy season from 
June through October and the "Norte" or cold front season occurring from 
November to February (Yariez-Arancibia and Day 1982).
Terminos Lagoon is bordered almost completely by extensive mangrove 
forests that extend up the rivers and associated small lagoons to the limit of the 
tidal influence. Three mangrove species dominate the landscape:
Rhizophora mangle L. (red mangrove), Avicennia gemninans L. (black 
mangrove), and Laguncularia racemosa Gaertn. f. (white mangrove). A fourth 
species, Conocarpus erectus L. (buttonwood), occurs only within the zones 
where tides rarely flood the mangrove forest.
In the Terminos Lagoon region, the litterfall production studies were 
conducted at two sites: Estero Pargo and Pom-Atasta (Figure 2.1). Estero 
Pargo, a tidal channel 5.9 km long and 8.5 meters wide, is located on the 
lagoon side of Carmen Isle. In this forest, tides regularly inundate the fringe 
forest zone, which is about 40 m wide, adjacent to the channel. In this zone, R. 
mangle and A. germinans dominate although L. racemosa also occurs.
Forest structure can be described by its complexity index, which is 
obtained by multiplying basal area x tree density x canopy height x number of 
species x 10'5 ( Holdrige et al. 1971). Forest structure in this zone is relatively 
complex with high tree density and complexity index (Table 2.1a). Behind the 
fringe forest, there is an extensive basin mangrove forest dominated almost 
completely by A. germinans.. Preliminary observations, made within the basin 
forest, indicated that there were three distinctive zones. Each zone is located 
at 60 (Area A), 120 (Area B), and 180 (Area C) meters inland from the channel.
12
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On the average, the basin forest has lower complexity than the fringe zone and 
smaller trees (Table 2.1a). Pom-Atasta, a lagunar system associated with 
Terminos Lagoon, has a well defined salinity gradient that goes from the 
mouth to the inner section of the lagunar system. This salinity gradient was 
taken into consideration in choosing the litterfall production study sites. These 
sites are: Puerto Rico, El Corte, Palancares, and Atasta. Accordingly, Puerto 
Rico is the site closest to Terminos Lagoon and most influenced by the effect 
of tides and Atasta is the site less influenced by tides. Even though Puerto 
Rico and Atasta differ in tree density, tree height, and basal area, both sites 
have similar complexity indices (Table 2.1a).
Southern Everglades 
The Everglades mangrove wetlands are located at the southeastern tip 
of the Florida peninsula. The mangrove wetland borders Florida Bay which is 
a large, shallow, subtropical embayment limited on the south and east by the 
Florida Keys (Figure 2.2). The climate of Florida Bay and the Everglades is 
characterized as sub-tropical savanna with conspicuous dry and rainy 
seasons (Hela 1952). About 75 % of the average annual rainfall occurs during 
the summer from May to October (Jordan 1984). The dry season (December- 
May) is characterized by mild temperatures and low precipitation. Tides in 
Florida Bay are semi-diurnal with an amplitude of 30 cm in the western bay. 
However, due to restricted circulation between the eastern and western basins 
the mean tide range in the eastern bay is in the order of 5 to 10 cm (Wang et 
al. 1994). The brackish wetlands of the southeastern Everglades (SE 
Everglades) are dominated byCladium jamaicense (sawgrass) and 
Eleocharis sp. (spike rush) and dwarf Rhizophora mangle (red mangrove).
13
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Fringe and basin forests, where tall R. mangle along with Avicennia 
germinans, Laguncularia racemosa, and Conocarpus erectus dominate, are 
located in the salinity transition zone, which is the zone adjacent to Florida 
Bay.
McCormick Creek, Taylor River, Mud Creek, Trout Creek, and West 
Highway Creek are the major creeks flowing into Eastern Florida Bay. The 
immediate source of this water is undeveloped wetlands (Water Conservation 
Areas) to the north of Everglades National Park (ENP), which are used for 
water storage. The creeks are surrounded by areas of relatively high 
topographical relief called the Buttonwood Ridge. This ridge restricts the 
overland flow of water, making the creeks the major point source inputs of 
freshwater to Florida Bay. Three fringe mangrove forests, located at 
McCormick Creek, Taylor River, and Trout Creek, were chosen as part of the 
litterfall production study. In addition to these three sites, a dwarf red 
mangrove forest, located about 2 km north of the mouth of Taylor River, was 
also established to carry out the litterfall production study. At Taylor River, the 
mangrove forest located on the buttonwood ridge is identified as Taylor Ridge, 
while the mangrove forest located in the dwarf zone is identied as Taylor 
Dwarf. Structural attributes among the three creek study sites are relatively 
homogeneous (Table 2.1b). McCormick site is dominated by R. mangle, 
although A. germinans individuals also occur, predominantly in the basin 
zone. However, among the fringe forests, McCormick has the lowest basal 
area and complexity index. Taylor Ridge and Trout have very similar structural 
attributes (Table 2.1b). Forest structure at Taylor Dwarf, having the lowest
14
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Table 2.1. Structural Characteristics at A) Terminos Lagoon Region 
and B) SE Everglades Region
A
Structure Atributes








Basal Area (m2 ha'1) 25.1 8.6 3 4 .2 41 .3 5 4 .3
Tree Height (m) 1 2 5 2 0 8 1 2
Density (tree ha'1) 3 5 9 0 1670 3 3 6 0 2 6 00 1 6 2 3
Complexity Index 32 .4 13.6 6 8 .9 25 .8 2 1 .2
Relative Importance (%)
Rhizophora mangle 48 1 4 5 6 5 2 2
Avicennia germinans 50 85 2 8 70 7 8
Laguncularia racemosa 2 1 1 6 25 0
B
Structure Atributes McCormick Taylor Ridge Taylor Dwarf Trout Creek
Basal Area (m2 ha'1) 12.8 18.6 4 .4 1 7
Tree Height (m) 5.6 5.4 1 5
Density (tree ha'1) 3 8 7 0 2820 1 7 0 1 7 3420
Complexity Index 5.6 14.2 1.1 13.4
Relative Importance (%)
Rhizophora mangle 8 0 56 9 9 66
Avicennia germinans 20 4 0.5 4
Laguncularia racemosa 3 0.5 8
Conocarpus erectus 30 22
Non-mangrove species 7
* From Day et al. 1987
** From M. T Barreiro (unpublished)
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basal area and complexity index but the highest tree density, was completely 
different from the fringe sites.
METHODS 
Litterfall and Standing Crop 
At Estero Pargo, two 0.1 ha plots were established within the fringe 
zone and two at each basin area. At Pom-Atasta, two 0.1 ha plots were 
established in the fringe zone only. Sites at SE Everglades were established 
in a similar way to the sites at Terminos Lagoon. At McCormick, two 0.05 ha 
plots were established within the fringe and basin zones. At Taylor Ridge, two 
0.025 ha plots in the fringe zone and two 0.05 ha plots in the basin zone were 
established. The smaller plot size within the fringe zone was related to the 
narrowness of this zone. At Trout Creek, two 0.05 ha plots were established 
within the fringe and basin zones. At both study regions, plots had five 0.25 
m2 litter collectors, made of wood frames lined with plastic screening (1 mm 
mesh) that were randomly deployed within the limits of each plot. At Estero 
Pargo litterfall production has been continuously monitored every month since 
1987. At Pom-Atasta litterfall has been sampled monthly since 1997. The 
Boca Chica site was eliminated from the litter production study because litter 
collectors have been constantly stolen. However, the site was kept to carry out 
other experiments related to this research. The sites at SE Everglades were 
sampled every 4-5 weeks since May 1996.
Standing litter crop was measured by randomly collecting 12 0.1 m2 
sites of litter from the surface of the forest floor (Xss horizon) in the vicinity of 
the litterfall collectors. At Estero Pargo, standing litter crop has been collected 
monthly since 1994. At SE Everglades sites, standing litter has been collected
17
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about every 6-8 weeks from 1996 to 1998. Litter standing crop was not 
collected at Pom-Atasta study sites due to logistic problems.
Litterfall from each collector was oven-dried to constant weight at 70 °C 
for 72 h, sorted into leaves (by species), twigs, fruits, stipules and woody 
material, and weighed to within 0.01 g. Standing crop samples were sorted 
into leaves and miscellaneous only and then weighed to within 0.01 g.
Interstitial Water Salinity 
At Estero Pargo, three transects, with ten ground-water wells each, were 
placed perpendicular to the tidal channel. At Pom-Atasta two transects, with 5 
ground-water wells each, were set up at each study site. At the Everglades, 
two transects with 6 ground-water wells were set up for each study site. All 
transects were perpendicular to the tidal creeks and extended through all 
mangrove zones. Wells at Terminos Lagoon sites, spaced at 20 m intervals, 
were placed into the soil to a depth of 0.5 m. Wells at SE Everglades were 
deployed at 1, 2, 4, 8, 16, and 32 m away from the tidal creek. Wells extended 
above the soil surface to a level higher than the highest tide. Interstitial water 
salinity in each well was measured during the study period using an optical 
refractometer.
Statistical Analysis 
Litterfall data expressed as g m 2 d 1 and standing litter data expressed 
as g m 2 were used for testing significant differences (p < 0.05) among sites, 
zones and climatic seasons with an ANOVA split-plot analysis. In these 
analyses, I included in the main plot the factors sites and zones (fringe and 
basin). In the subplot, I tested the factor climatic seasons (dry and rainy) and 
the interactions Site*Season, Site'Zone, and Site*Zone*Season. After
18
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performing the analyses, linear contrasts were used to assess differences 
between treatments. Violations of the assumptions for the method were
checked by residual analysis. Statistical analyses were run with JMP® 
version 3.0.2 (SAS Institute 1994).
RESULTS
Litterfall
Litterfall patterns in the mangrove forests at Terminos Lagoon were very 
seasonal. At Estero Pargo, average litterfall rates over the five-year period 
were highest during the onset of the rainy season and lowest at the beginning 
of the dry season (Figure 2.3a). The highest litterfall occurred during June and 
October that are the months that mark the beginning and end of the rainy 
season in this region. The lowest litterfall occurred during December and 
January which corresponds to the beginning of the dry season. This temporal 
pattern was significantly different (p < 0.001, Table 2.2). Temporal patterns of 
litterfall at Pom-Atasta (Figure 2.3b) were different from that of Estero Pargo 
because litterfall rates were higher at the end of the dry season (April-May) 
and lower during the rainy season. However, there were no significant 
differences between both seasons (p > 0.05). On a daily basis, seasonal 
litterfall rates were higher at Pom-Atasta (Table 2.3) than that of Estero Pargo 
(Table 2.2). At both study sites, seasonal variation in litterfall is attributed to 
both variations in leaf fall and inputs from fruits and twigs that were highest 
during the rainy season (Tables 2.2 and 2.3). Both R. mangle and A. 
germinans leaf fall contribution was higher during the rainy season (98 % and 
93 %) at Estero Pargo and Pom-Atasta study sites, respectively. On an annual
19
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Figure 2.3. Litterfall temporal pattern at a) Estero Pargo over a five-year 
period (95-99) and b) Pom-Atasta over a two-year period (98-99).
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Table 2.2. Spatial and temporal variability of litterfall by components (g m'2 d'1) at Estero Pargo. Different 
letters within each leaf component among sites and seasons are significant (p < 0.05).
Zones R. mangle A. germinans L. racemosa Twigs+Fruits Leaf fall Litterfall Leavesrlitterfall
Fringe 1.250* 1.45* 0.08* 0.28* 2 .78* 3.10* 90%
Basin 
Area A 0 .0 2 0 b 1.62* 0.07* 0.21* 1 .7 1 b 1 .9 2 b 9 0%
AreaB 0 .0 0 2 b 0.82* - 0 .0 8 b 0 .8 2 b 0 .9 0 b 91%
AreaC . 1.45* 0.17* 1 .4 5 b 1 .6 2 b 90%
Seasons R. mangle A. germinans L. racemosa Twigs+Fruits Leaf fall Litterfall Leaves: litterfall
Dry 0.25* 0.99* 0 .033* 0.12* 1.27* 1.39* 91%
Rainy 0 .3 6 b 1 .6 5 b 0 .0 4 2 b 0 .2 4 b 2 .0 5 b 2 .2 9 b 90%
basis, average litterfall rate was higher at Pom-Atasta (1265 g rrv2 yr‘1) than at 
Estero Pargo (672 g m'2 yr'1).
Spatially, litterfall rates at Estero Pargo (Figure 2.4a) were highest in 
the fringe zone and lowest at the basin area. This spatial variability was 
constant over the study period and significantly different (p < 0.05, Table 2.2). 
R. mangle leaf fall contribution was higher in the fringe zone relative to that of 
the basin zone. In contrast, A. germinans was similarly high at both fringe and 
basin zones (Table 2.2). Over the study period, daily average litterfall rates at 
the Pom-Atasta study sites were lower at Puerto Rico than at El Corte, 
Palancares, and Atasta (Figure 2.4b). Spatial variability in litterfall was 
significantly different (p <0.001, Table 2.3). Leaf fall rates of A. germinans 
were highest at Puerto Rico and El Corte study sites and leaf fall rates of R. 
mangle were highest at Palancares and Atasta (Table 2.3). The leaf fall 
contribution of these mangrove species reflects their dominance at each study 
site. On the whole, the contribution of leaf fall relative to the total litterfall was 
always higher than 85 % at both Estero Pargo and Pom-Atasta study sites, 
regardless of the season.
Litterfall rates were also seasonal in the mangrove forests at SE 
Everglades. At Taylor Dwarf site, high values of litterfall occurred during 
August and November and low values occurred in July (Figure 2.5). At Taylor 
Ridge site, litterfall peaks occurred during the onset of the rainy season (July- 
September), and low values occurred at the beginning of the dry season 
(January) (Figure 2.6). At McCormick litterfall peaks occurred from July to 
November with low values during January and February (Figure 2.7). Litterfall 
rates at these three sites were highest at the end of the rainy season and
22
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lowest during the dry season. Seasonal pattern, in which rainy season was 
higher than dry season, was significantly different (p < 0.001, Table 2.4). 
However, this seasonal pattern was not observed at Trout site where high 
values of litterfall occurred at the end of the dry season and low values 
occurred at the end of the rainy season (Figure 2.8). C. erectus was the 
species that contributed most to the seasonal pattern observed at Trout (Table 
2.4). Overall, seasonal variation in litterfall is attributed to variations in both 
leaf fall inputs and fruits and stipules that were highest during the rainy 
season. R. mangle had the highest contribution during the rainy season and 
L. racemosa the lowest. During the dry season, C. erectus had the highest 
contribution and L racemosa the lowest (Table 2.4).
Spatially, the dwarf forest had the lowest litterfall rate (0.69 g m'2 d'1), 
Taylor Ridge and Trout Creek had the highest (2.29 and 2.26 g m'2 d*1, 
respectively), and McCormick had 1.65 g m'2 d'1. This spatial variability in 
litterfall production in which the dwarf site was lowest of the three sites was 
significant (p<0.001, Table 2.4). At the four sites, leaf fall made up an average 
of 80 % of the total litterfall. The dwarf site had the highest (88%) and Taylor 
Ridge the lowest (75%). Spatially, R. mangle contributed with more than 95 % 
of the total leaf fall at the dwarf forest, while at McCormick, Taylor Ridge, and 
Trout sites this species contributed with 44, 31, and 20 % of the total leaf fall, 
respectively. The contribution of A. germinans was highest at McCormick (56 
%) and lowest at the dwarf site (0.3%). L. racemosa contribution was highest 
at Trout (5 %) and lowest at McCormick (0.01 %). C. erectus occurred only at 
Taylor Ridge and Trout where its contribution was relatively high (45 and 73
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Table 2.3. Spatial and temporal variability of litterfall by components (g m 2 d'1) at Pom-Atasta sites. Different 
letters within each leaf component among sites and seasons are significant (p < 0.05).
Sites R. mangle A. germinans L. racemosa Twigs+Fruits Leaf fall Litterfall Leaves:litterfall
Puerto Rico 0.004* 1.98* 0 .005* 0.231* 1.99* 2.22* 90%
El Corte 1 .4 7 b 1.85* 0 .080* 0.333" 3.40" 3.73" 9 1 %
Palancares 2.33° 0 .8 9 b 0 .5 1 1b 0.413" 3.73" 4.14" 9 0%
Atasta 1.75" 0 .8 4 b 0.750" 0 .6 2 0 e 3.34" 3.94" 8 5%
Seasons R. mangle A. germinans L. racemosa Twigs+Fruits Leaf fall Litterfall Leaves: litterf a 11
Dry 1.20* 1.43* 0.432* 0 .366* 3.05* 3.42* 8 9 %
Rainy 1.45* 1.44* 0 .202" 0.415* 3.09* 3.51* 88%
■  Woody
■  Leaf fall
■  Woody
■  Leaf fall
Atasta El Corte Palancares Puerto Rico
Figure 2.4. Spatial Pattern of Litterfall at a) Estero Pargo and b) 
Pom-Atasta. Different letters among sites are significant (p < 0.05)
25



















(t P e-Ui 6) jauew Ajq
26















































(,-P j-UJ 6 ) jaueify Ajq
27















































( t.p J.U1 6) jaueyv Ajq
28






































































































Table 2.4. Spatial and temporal variability c' ‘ ' \ " rates by components (g m 2 d 1) at SE Everglades sites. Different 
letters within each leaf component among sites and seasons are significant (p < 0.05).
03
o
Site R. mangle A. germinans L. racemosa C. erectus Non-mangrove Twigs Fruits Stipules Debris Litterfall
McCormick Creek 0.63* 0 .800* 0 .0002* - - 0 .110* 0 .021* 0 .077* 0 .027* 1 .6 7 "
Taylor Ridge 0.54* 0 .2 0 0 b 0.011" 0.79* 0.2* 0 .171* 0 .249" 0 .049* 0 .108" 2 .3 2 "
Taylor Dwarf 0.59* 0 .002° 0.014" ■ - 0 .011" 0 .019* 0 .054* 0 .005° 0 .7 0 b
Trout Creek 0.35" 0 .0200° 0.094° 1.29" 0 .002" 0 .121* 0.340" 0 .036* 0 .032* 2 .2 9 "
Seasons R. mangle A. germinans L. racemosa C. erectus Non-mangrove Twigs Fruits Stipules Debris Litterfall
Dry 0.41* 0.19* 0 .011* 0 .760* 0.08* 0 .14* 0 .032* 0 .039* 0 .012* 1 . 6 7 "
Rainy 0 .6 3 b 0.03" 0.046" 0 .047" 0.07" 0 .11* 0 .325" 0 .067" 0 .090* 1 . 4 2 b
56
%, respectively). The contribution of leaf fall by species reflects the dominance 
that each mangrove species has at each study site.
Litter Standing Crop 
At Estero Pargo, the average litter standing crop in the fringe zone was 
343 g m 2, while at the basin area average standing litter was 220 g m'2 (Figure 
2.9a). Statistical analysis showed that there were significant differences 
between the fringe and basin zones (p < 0.05). However, there were not 
significant differences between dry and rainy seasons (p > 0.05).
The annual mean values of standing crop at SE Everglades sites were 
301, 370, 232, and 141 Mg ha'1 at McCormick, Taylor Ridge, Trout, and Taylor 
Dwarf sites, respectively. At McCormick and Trout sites, there was a spatial 
variability in which the fringe zones had sigificantly higher standing crop than 
the basin zones (p < 0.05, Figure 2.9a). At Taylor Ridge, differences between 
fringe and basin were not significant (p <0.05). Among all sites, there were no 
significant differences between dry and rainy seasons (p > 0.05) (Figure 2.9b).
Turnover Rates
Tidal amplitud at Terminos Laggon is approximately 50 cm, while at SE 
Everglades is 20 cm. Due to tidal amplitud differences between both regions, 
the frequency of inundation was higher at Terminos Lagoon site than at SE 
Everglades sites where forest floor was rarely inundated over the study period 
(personal observation). Turnover rates were related to the local tidal pattern 
which was more important in driving leaf turnover at Estero Pargo than at SE 
Everglades. At Estero Pargo, turnover rates were higher at the fringe forest 
relative to that of the basin forest (Figure 2.10a). Seasonally, turnover rates 
were higher during the rainy season (Figure 2.10b). Based on results of leaf
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Figure 2.9 Leaf litter standing crop a) spatial pattern and 
pattern at SE Everglades and Terminos Lagoon.
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turnover, average litter residence time at the fringe zone was 2.9 months, 
while at the basin zone ranged from 5 to 7 months. In the SE Everglades, 
turnover rates for fringe and basin zones were similar or lower than that of 
Estero Pargo (Figure 2.10a). Seasonally, turnover rates were similar at Taylor 
Ridge and Dwarf sites, but they were higher during the rainy season at 
McCormick and lower at Trout (Figure 2.10b). Turnover rates patterns caused 
average residence time at Taylor Ridge and McCormick to be similar (7 
months). In contrast, at Trout turnover was 4.5 months, and Taylor Dwarf it was 
9 months.
Interstitial Water Salinity 
At Estero Pargo, annual average interstitial salinity was always lower at 
the fringe zone (50) than at the basin zone (70). This pattern has been 
constant during the study period, with a coefficient of variation of only 4 %. 
Salinity values at Pom-Atasta study sites were 57, 51, 35, and 25 at Puerto 
Rico, El Corte, Palancares, and Atasta, respectively. This salinity pattern 
reflects a salinity gradient that has been constant during the study period.
This gradient reflects the influence that tides have on sites closer to the mouth 
of the Pom-Atasta system. Mean interstitial salinity values at SE Everglades 
sites were 12, 24, 27, and 33 at Taylor Dwarf, Taylor Ridge, McCormick, and 
Trout, respectively. However, salinity values were highly variable along the 
transects, with coefficient of variations of 16, 21, 9, and 6 % at Taylor Dwarf, 
Taylor Ridge, McCormick, and Trout. The lowest salinity values were always 
observed at Taylor Dwarf site and the highest at Trout Creek. This pattern was 
constant regardless of the season.
33


















■  Fringe j 














■  Dry  
□  Rainy
Trout E. Pargo
Figure 2.10. Turnover rates (yr1) a) spatial pattern and 
b) seasonal pattern at SE Everglades and Terminos Lagoon.
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DISCUSSION
Tropical evergreen forests, including mangrove forests, have developed 
a strategy in which leaves are shed continuously throughout the year (Proctor 
1984). Generally, mangrove forests have higher litterfall rates during the rainy 
season and lower rates during the dry season (Twilley et al. 1986, Mackey and 
Smail 1995, Day et al. 1997, and Wafar et al. 1997). Also, even though 
mangrove leaves are shed continuously throughout the year, litterfall rates 
vary from habitat to habitat. Annual litterfall rates in mangrove forests 
worldwide range from 1.2 Mg ha'1 yr'1 for dwarf mangroves in south Florida 
(Pool et ai. 1975) to 23.4 Mg ha'1 y r1 for a 20-year-old managed riverine forest 
in Malaysia (Ong et al. 1982). Pool et al. (1975) suggested that litterfall 
production is a function of the hydrologic characteristics within the forest. 
Microtopography, rainfall, tides, and river discharge have been suggested to 
be the most important forcing functions that make mangrove forests highly 
productive (Lugo and Snedaker 1974). River discharge and tides are 
important forcing functions because they are not only sources of nutrient-rich 
water and sediments but also a source of oxygen. Nutrients and oxygen 
enhance fertility and aeration in the soils promoting optimal plant growth 
(Brown and Lugo, 1982). Twilley et al. (1986) found that mean ranks of 
litterfall production follow the order: riverine > fringe > basin > dwarf, 
supporting the early hypothesis proposed by Pool et al. (1975).
Results from the present study follow the ranking proposed by Twilley 
et al. (1986) as the annual litterfall production at both study regions increased 
from the dwarf forest to the fringe forests. Thus, the dwarf forest site at SE 
Everglades had the lowest litterfall rates followed by the basin and fringe
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forests at Taylor Ridge, McCormick, and Trout Creek. As for the study sites at 
Terminos Lagoon, results showed that the basin forest at Estero Pargo had 
lower litterfall rates relative to the fringe forest. The sites at Pom-Atasta, 
considered as relict riverine forests (J. Day personal communication), had 
higher litterfall production (12.8 Mg ha'1 yr'1) than at Estero Pargo. This high 
litterfall rate is similar to that of Boca Chica, a riverine forest located at 
Terminos Lagoon, with a litterfall production of 12.5 Mg ha'1 yr'1 (Day et al.
1987). These results indicate that the hypothesis in which hydrology 
influences litterfall production applies for the study sites at SE Everglades and 
Terminos Lagoon and elsewhere as proposed by Pool et al. (1975). This is 
important because better predictions concerning the influence of hydrology on 
litterfall production in mangrove ecosystems can be made regardless of the 
environmental setting.
Interstitial salinity has been postulated to be a factor that could influence 
litterfall production (Pool et al. 1975). At the Estero Pargo study site, litterfall 
production was inversely related to interstitial salinity. Previous studies at this 
site showed that the equation relating both variables was highly significant 
and explained 77 % of the litterfall variability (Day et al. 1997). Twilley et al. 
(1986) have also shown that there was an inverse relationship between litter 
production and soil salinity at Rookery Bay. However, Twilley’s equation 
relating both variables explained only 41% of the litterfall variability, pointing 
out that there is a wide range of soil salinity values affecting litter production. 
Nonetheless, these results show the negative effect of soil salinity on litterfall 
production, specially on those sites that are infrequently flushed by tides such 
as the basin forest at Estero Pargo. The spatial pattern of soil salinity at Estero
36
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Pargo, low at the fringe zone (mean = 45) and high at the basin zone (mean = 
70), seems to reflect the zonation of R. mangle and A. germinans.
Accordingly, R. mangle is distributed in the fringe zone where tides frequently 
flood the forest floor and where low soil salinities are found. Even though A. 
germinans is also found in the fringe zone, it dominates in the basin zone 
where salinities are highest suggesting that tides infrequently flood this zone. 
Thus, both high soil salinity and lower flushing events lead to low litterfall rates 
observed in the basin forest at Estero Pargo. This pattern was also observed 
at Pom-Atasta study sites where higher soil salinities were related to lower 
litterfall rates (Puerto Rico) and lower soil salinities associated to high litterfall 
rates (Atasta, El Corte, and Palancares).
Interstitial salinity at SE Everglades study sites ranged from 12 to 33, 
with Taylor Dwarf having the lowest values and Trout Creek having the highest 
salinity. Even though the equation relating both litterfall and salinity was 
significant, it explained only 12 % of the litterfall variability. Thus, low range of 
soil salinity at SE Everglades sites litterfall was not negatively associated with 
soil salinity as it was the case at Terminos Lagoon. This observation is 
confirmed by the fact that Trout, having the highest soil salinity (33), had 
litterfall rates similar or higher than that of Taylor Ridge and McCormick where 
soil salinity was, on the average, 23. Results from Taylor Dwarf site, where 
both soil salinity and litterfall were the lowest, suggest that factors other than 
soil salinity could influence patterns of litterfall. Nutrients, particularly nitrogen 
and phosphorus, are factors known to influence leaf production. Enrichment 
experiments, carried out with dwarf R. mangle in carbonate environments of 
Belize and SE Everglades, have shown that phosphorus enhanced growth
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and leaf production in this species (Feller 1995, Feller et al. 1999). It has been 
experim ental demonstrated that waterlogging, reduced conditions, and high 
sulfide concentrations affected growth in mangrove species (McKee 1995). 
Thus, local environmental conditions including permanent flooding conditions, 
poor-water flushing and phosphorus limitation, could be influencing the 
observed pattern of litterfall production at Taylor Dwarf.
Three processes influence turnover of litter in mangrove forests: litterfall 
and decomposition rates, and litter export. The relative influence of each of 
these three processes will determine the fate of litter on the forest floor (Steyer,
1988). Leaf litter turnover is an indirect measure of litter decomposition (Olsen 
1963) and/or litter export (Twilley et al. 1986). Leaf turnover studies in tropical 
and temperate forests have shown that litter accumulation on the forest floor 
was lower in highly productive tropical forests, while in relatively low 
productive temperate forests litter accumulation was higher (Olsen 1962, Scott 
et al. 1992). A major reason for these results involves rates at which organic 
matter decomposes and is later incorporated into the soils at both tropical and 
temperate forests. Thus, warm, highly productive tropical forests seem to have 
higher litter decomposition rates relative to cool, low productive temperate 
forests (Scott et al. 1992). In contrast, in intertidal mangrove forests, litter 
turnover rates involve not only litter decomposition but also litter export. Litter 
turnover rates studies at fringe and riverine forests have been found to be 
much higher than the litterfall rates (Steyer 1988). In contrast, litter turnover 
rates at basin forests are lower or similar to the litterfall rates (Twilley et al.
1986, Steyer 1988, Lee 1989). These findings suggest that litter export is the 
most important process regulating leaf litter turnover in frequently flooded
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riverine and fringe forests, while in infrequently flooded basin forests in situ 
litter decomposition control leaf litter turnover (Lugo and Snedaker 1974, 
Twilley et al. 1986). Thus, leaf residence time, the inverse of turnover, 
increases as the influence of tides diminishes.
It has been suggested that a longer litter residence time in basin forests 
promotes in situ litter decomposition (Lugo 1990). A high litter residence time 
(10 months) was estimated at Mai Po, Hong Kong, a mangrove forest 
characterized with little tide influence (Lee 1989). Very low residence times 
have been found at a riverine mangrove forest of Ecuador where average 
residence times ranged from 0.8 to 4.6 days (Twilley et al. 1997). Litter 
residence time in mangrove forests at SE Everglades was, on the average, 6.6 
months. Litter residence time, between the fringe and basin zones, was 
similar (6.4 months) and higher at the dwarf mangrove site (7.5 months). In 
contrast, residence time in fringe and riverine forests at Fort Myers and 
Rookery Bay, Fla., was estimated to be between 1-2 months (Twilley et al.
1986, Steyer 1988). These results suggest that at Fort Myers litter residence 
time is lower than at SE Everglades sites reflecting the influence of forest 
hydrology on leaf litter dynamics. Since litter residence time was higher at SE 
Everglades sites, it also suggests that in situ litter decomposition is the 
process that mostly controls litter turnover at McCormick, Taylor Ridge, Trout, 
and Taylor Dwarf sites. Similar results were found at Mai Po, Hong Kong 
where litter decomposition along with crab consumption were the factors 
controlling litter turnover (Lee 1989). Since crab consumption has little impact 
at SE Everglades (Smith et al. 1989), it further suggests that in situ 
decomposition controls the fate of leaves on the ground. As for the mangrove
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forest at Estero Pargo, litter residence time in the fringe zone was relatively 
similar (3 months) to that of fringe forests at Rookery Bay and Fort Myers. In 
contrast, residence time (6 months) in the basin zone was similar to that of the 
sites at SE Everglades. Tides at Estero Pargo frequently inundate the fringe 
zone (Rivera-Monroy et al. 1995), while the basin zone is flooded only during 
very high tides associated with summer thunderstorms (personal observation). 
This flooding gradient makes litter residence time to be lower in the fringe 
zone relative to the basin zone. Thus, lower residence time suggests that in 
situ litter decomposition is not very important in determining litter turnover 
rates in the fringe zone at Estero Pargo. It also suggests that this fringe zone 
has a more open biogeochemical cycle exchanging nutrients and organic 
matter to and from the adjacent tidal channel (Rivera-Monroy et al. 1995). In 
contrast, the basin forest, by having lower tidal influence and lower litter export 
has higher accumulation of organic matter in the forest floor. This result is 
consistent with results by Lynch et al. (1989) who found that organic matter 
content in the basin forest at Estero Pargo was higher (0.130 g cm'3) than at 
the fringe forest (0.093 g cm'3). My results suggest that in basin forests there is 
a different mechanism to cope with low nutrient input by tides, in which in situ 
litter decomposition plays an important role in recycling nutrients on the forest 
floor. Since higher litter residence time occurred in the fringe, basin, and 
dwarf forests at SE Everglades, then a similar mechanism to cope with low 
nutrient inputs may also occur at those forests. This study has demonstrated 
that litterfall dynamics at SE Everglades sites is mainly controlled by in situ 
litter decomposition. At Estero Pargo, tides play a major role on litter turnover 
in the fringe zone, then litter decomposition plays a minor role in controlling
40
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litterfall dynamics, while in situ litter decomposition plays an important role
controlling litterfall dynamics in the basin zone.
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CHAPTER 3
NUTRIENT USE EFFICIENCY IN NUTRIENT-POOR AND NUTRIENT-RICH 
MANGROVE FORESTS IN THE GULF OF MEXICO
INTRODUCTION
The relative rate at which forest vegetation loses organic matter versus 
a particular nutrient provides an index of the efficiency of nutrient use at the 
leaf-level (Vitousek 1982). Nutrient use efficiency (NUE) describes a variety of 
physiological processes affecting the partitioning of limiting nutrients between 
litterfall and resorption pathways (Vitousek 1982). Nutrient use efficiency is 
defined as the amount of organic matter lost from a plant (as litterfall and root 
turnover) and permanently stored in the wood, divided by the amount of 
nutrient lost or permanently stored (Vitousek 1982). Vitousek assumed that 
the amount of nitrogen or phosphorus cycled through litterfall was indicative of 
N and P availability in a forest. It has been hypothesized that increasing the 
efficiency of using nutrients to enhance primary production may be an 
important strategy for plants living in nutrient-poor environments. This 
hypothesis has been demonstrated in both single species (Veerkamp et al. 
1980, Chapin et al. 1982, Shaver and Melillo 1984, Birk and Vitousek 1986) 
and mixed communities (Vitousek 1984, Pastor et al. 1984, Cuevas and 
Medina 1986, Singh 1992, Bridgham et al. 1995). In mangrove ecosystems, 
the decrease of nutrient use efficiency, as a result of phosphorus fertilization, 
has been experimentally demonstrated (Feller et al. 1999).
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Nutrient resorption efficiency is defined as the amount of nutrient 
resorbed during senescence and it is expressed as the percentage of nutrient 
reduction between green and senesced leaves (Hemminga 1999). This 
process controls the mobilization and removal of nutrients from senescing 
plant tissues, and the transport of these nutrients to storage sites in perennial 
tissues (Chapin 1980, Killingbeck 1996). At the ecosystem level, nutrient 
resorption plays an important role as a nutrient conservation mechanism 
because resorbed nutrients are directly available for further plant growth, 
making a plant less dependent on external nutrient supply (Aerts, 1996). At 
the population level, it has been postulated that low nutrient loss can increase 
the fitness of plant populations in nutrient poor environments (Chapin 1980, 
Berendse and Aerts 1987, May and Killingbeck 1992). High nutrient 
resorption also suggests that plants in nutrient-deficient environments have 
been selected, through natural selection, to minimize nutrient losses rather 
than selected to promote nutrient uptake (Berendse and Jonasson 1992).
Plant growth models have also suggested that plants living in poor-nutrient 
environments can maintain higher levels of biomass by adapting to a low loss 
rate of nutrients rather than increasing the capacity for nutrient uptake (Aerts 
and van der Peijl 1993, Aerts 1995). It has also been hypothesized that 
increased leaf longevity may be more important in conserving nutrients 
relative to the resorption process (Reich et al. 1992, Aerts 1995). A number of 
studies have attempted to demonstrate that plants living in nutrient-poor 
conditions exhibit either high resorption efficiency or longer leaf-life span as a
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nutrient conservation mechanism (Small 1972, Stachurski and Zimka 1975, 
Chapin and Moilanen 1991 [for P]). For instance, Small (1972) reported that 
nutrient resorption and nutrient-use efficiency were higher in evergreens than 
in deciduous plants. The increased nutrient-use efficiency in evergreen plants 
was a combination of both longer leaf longevity and higher nutrient resorption. 
However, other studies have failed to demonstrate any difference in 
resorption efficiency between plants growing in nutrient-poor and nutrient-rich 
environments (Chapin and Kedrowski 1983, Jonasson 1995, Chapin and 
Shaver 1989). For instance, Chapin and Shaver (1989) found no significant 
differences in resorption between arctic evergreen and deciduous plants, nor 
was there any significant correlation between resorption efficiency and soil 
nutrient availability. However, some of these studies have compared low- 
nutrient-adapted species on infertile soils with high-nutrient-adapted species 
on fertile soils. Thus, phenotypic responses to nutrient supply and interspecific 
(genotypic) differences are confounded (Aerts 1996). Thus, despite the large 
number of studies on resorption efficiency, the ecological patterns of this 
process remain unclear.
Killingbeck (1996) introduced the nutrient resorption proficiency 
concept to measure the success of resorption as a nutrient conservation 
mechanism. Killingbeck (1996) defined resorption proficiency as the minimum 
level to which a plant can reduce an element in senescing leaves. According 
to Killingbeck (1996), nutrient resorption efficiency and proficiency give 
different insight in the process of resorption. While nutrient resorption
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efficiency gives insights to the relative degree to which plants are able to 
conserve nutrients invested in leaves to minimize nutrient uptake, nutrient 
resorption proficiency gives an objective value to better measure the success 
of resorption as a nutrient conservation mechanism. When resorption 
proficiency is coupled with concurrent considerations of resorption efficiency, it 
should help to resolve questions about the importance of nutrient supply as a 
factor that influences resorption (Killingbeck 1996). A data base on nutrient 
levels in senescing leaves from more than 70 deciduous and evergreen 
species showed that average N and P concentrations in senesced leaves of 
these species were 0.87 and 0.06 %, respectively. Accordingly, species were 
considered highly proficient when they were able to reduce N and P 
concentrations in their senescing leaves to levels below 0.7 and 0.05 %, 
respectively (Killingbeck 1996).
This chapter describes three nutrient conservation mechanisms that 
occur within two contrasting mangrove ecosystems, SE Everglades, Florida 
and Terminos Lagoon, Mexico. In particular, this study seeks to determine 
whether soil fertility is an important controlling factor on the efficiency in which 
nitrogen and phosphorus are used. Three parameters of nutrient use 
efficiency are compared: a) leaf dry mass to nutrient in leaf dry mass ratio 
(NUE, sensu Vitousek 1982), b) nutrient resorption efficiency (NRE), and c) 
nutrient proficiency (sensu Killingbeck 1996). The main objective is to 
evaluate the relative importance of nutrient use efficiency as a nutrient 
conservation mechanism along a nutrient fertility gradient in two contrasting
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mangrove ecosystems: a carbonate dominated and a terrigenous dominated.
I hypothesize that terrigenous-dominated mangrove ecosystems would have a 
lower nutrient use efficiency than carbonate-dominated mangrove 
ecosystems.
DESCRIPTION OF STUDY AREAS 
Terminos Lagoon 
Terminos Lagoon is a large (approximately 1800 km2), shallow (mean 
depth 3.5 m) coastal lagoon bordering the southern Gulf of Mexico in the state 
of Campeche, Mexico (Figure 3.1). It is connected to the Gulf of Mexico 
through two inlets, Puerto Real and Carmen, located on either end of Carmen 
Isle, a barrier island that separates the lagoon from the open gulf. The lagoon 
has a net inflow through the eastern inlet at Puerto Real and a net outflow 
through the western inlet at Carmen caused by prevailing trade winds 
(Mancilla and Vargas 1980). Tides are mixed diurnal with a mean tidal ranging 
about 0.5 m that are in phase at the two inlets (Phleger and Ayala-Castariares 
1971). Three rivers, Palizada, Candelaria and Chumpan, drain into the 
lagoon. The largest freshwater discharge, which has a marked effect on the 
salinity and hydrology of the lagoon water, occurs during October and 
November. The climate of the area ranges from warm-humid to warm- 
subhumid (Garcia, 1973). Based on patterns of rainfall, air temperature and 
wind, three climatic seasons have been described in the area: dry season 
from middle February to early June, rainy season from June through October
49
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
and the “Norte" or cold front dry season occurring from November to February 
(Yahez-Arancibia and Day 1982).
Terminos Lagoon is bordered almost completely by extensive mangrove 
forests that extend up the rivers and associated small lagoons to the limit of 
tidal influence. Three mangrove species dominate: Rhizophora mangle L. 
(red mangrove), Avicennia germinans L. (black mangrove), and Laguncularia 
racemosa Gaertn. f. (white mangrove). A fourth species, Conocarpus erectus 
L. (buttonwood), also occurs in the area.
In the Terminos Lagoon region, the study was conducted at: Estero 
Pargo, Boca Chica, and Pom-Atasta. Estero Pargo, a tidal channel 5.9 km 
long and 8.5 meters wide, is located on the lagoon side of Carmen Isle. In this 
forest, tides regularly inundate the fringe forest that is about 40 m wide. In this 
zone R. mangle and A. germinans dominate although some individuals of L. 
racemosa also occur. Behind this fringe forest there is an extensive basin 
forest dominated almost completely by A. germinans. Preliminary 
observations, made within the basin forest, indicated that there were three 
distinctive zones in terms of the forest structure. Each zone is located at 60 
(Area A), 120 (Area B), and 180 (Area C) meters inland from the channel.
Boca Chica, located at the mouth of the Palizada River, is a mangrove forest 
dominated by tall red and black trees. This forest is influenced by both river 
and tides causing the forest floor to be inundated most of the year. Pom- 
Atasta, a lagunar system associated to Terminos Lagoon, presents a well-
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Figure 3.1. Terminos Lagoon region showing the distribution of major habitats 
and the location of the study sites: Estero Pargo, Boca Chica, and Pom-Atasta.
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defined salinity gradient that goes from the mouth to the inner section of the 
lagunar system. This salinity gradient was taken into consideration in 
choosing four study sites: Puerto Rico, El Corte, Palancares, and Atasta, where 
Puerto Rico is the site closest to Terminos Lagoon and most influenced by the 
effect of tides, and Atasta is the farthest and less influenced by tides.
Southern Everglades 
Mangrove wetlands in the Everglades are located at the southeastern 
tip of the Florida Peninsula. The mangrove wetland borders Florida Bay, which 
is a large, shallow, subtropical embayment, limited on the south and east by 
the Florida Keys (Figure 3.2). The climate of Florida bay and the Everglades is 
characterized as sub-tropical savanna with conspicuous dry and rainy 
seasons (Hela 1952). About 75 % of the average annual precipitation occurs 
during the rainy season lasting from May to October (Jordan 1984).
The dry season (December-May) has mild temperatures and low precipitation 
(Chen and Gerber 1990). Tides in Florida Bay are semi-diurnal with an 
amplitude of 30 cm in the western bay. However, due to the restricted 
circulation between the eastern and western basins, the mean tide range of 
the eastern bay is in the order of 5-10 cm (Wang et al. 1994). The freshwater 
wetlands of the southern Everglades are dominated by Cladium jamaicense, 
while dwarf red mangroves Rhizophora mangle, along with Avicennia 
germinans, Laguncularia racemosa, and Conocarpus erectus dominate the 
salinity transition zone.
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McCormick Creek, Taylor River, Mud Creek, Trout Creek, and West 
Highway Creek are the major creeks that drain into Florida Bay from the SE 
Everglades (Figure 3.2). Running east-west there are areas of relatively high 
topographical relief, the Buttonwood Ridge, restricting the overland flow of 
water making the creeks the major point sources of freshwater into Florida 
Bay. Three mangrove forests, located on the banks of McCormick Creek, 
Taylor River, and Trout Creek, were chosen to carry out the study. The sites 
were chosen based on water column N:P ratio gradient along a west-east axis, 
where N:P ratios decrease along the west-east direction (Fourqurean et al.
1992). In addition to these three sites, a dwarf red mangrove forest, located 
about 2 km north of the mouth of Taylor creek, was also established. The dwarf 
red forest is characterized by calcareous marl sediment with little tidal 
influence and, like the freshwater Everglades marsh, is highly oligotrophic 
(Rudnick et al. 1999).
METHODS 
Soil Characteristics 
At SE Everglades and Pom-Atasta sites, four soil samples were 
randomly taken within each plot (16 per site) using a 6 cm diameter core. Soil 
samples were taken from 12 cm long cores. In the laboratory, samples were 
sectioned into 2 cm lengths, and fresh material was weighed to ± 0.001 g, and 
then oven-dried at 60 ° C for 48 hours and weighed to calculate bulk density 
and percent water. Samples were sieved through a 4 mm mesh and analyzed 
for carbon, nitrogen, and phosphorus concentration. Carbon and nitrogen
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analyses were performed using a Fiston CHN Analizer model NA 1500. 
Phosphorus analysis was performed following Solorzano and Sharp (1980), 
with a modification proposed by Fourqueran et al. (1992). Since at Estero 
Pargo and Boca Chica sites no soil samples were taken, I relied on soil data 
collected and analyzed by Lynch et al. (1989).
Litterfall Nutrients
At Estero Pargo, two 20 x 50 m plots were established in the fringe zone 
and two 20 x 50 m plots at each of the three areas of the basin zone were also 
established. Each plot has five 0.25 m2 litter collectors, made of wood frames 
lined with plastic screening (1 mm mesh) that were randomly deployed within 
the plots. Litterfall for nutrient analysis was collected from January to 
December in 1998.
At Pom-Atasta, each study site has two 20 x 50 m plots located in the 
fringe zone only. Each plot has five 0.25 m2 litter collectors randomly 
deployed within the plots. Litterfall for nutrient analysis was collected monthly 
from September 1997 to December 1998.
At the SE Everglades sites, plots were established in a similar way to 
the sites in Terminos Lagoon. The forest at McCormick Creek has two 0.05 ha 
plots at both fringe and basin zones. The site at Taylor Creek had two 0.025 
ha plots in the fringe zone and two 0.05 ha plots in the basin zone. The size of 
the plots at the fringe zone was restricted by the narrowness of this zone. The 
dwarf site had two 0.005 ha plots, in which plot size was related to the high 
tree density of the forest. The mangrove forest at Trout had two 0.05 ha plots
55
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
at both fringe and basin zones. Each plot at the SE Everglades study sites
had five 0.25 m2 litter collectors, made of wood frames lined with plastic 
screening (1 mm mesh) that were randomly deployed within the plots. Litterfall 
for nutrient analysis was collected about every 4 to 5 weeks from August 1996 
to July 1998.
Litterfall from individual traps was pooled to obtain samples for each 
species per site per collection period. Nutrient analyses were performed on 
leaves for each mangrove species and woody component (twigs, stipules, and 
fruits). Samples were ground using a Willey mill with 4 mm mesh screen. 
Before weighing for nutrient analysis, samples were redried at 50 °C until 
constant weight was achieved. Percentages of carbon and nitrogen were 
determined from duplicate subsamples of each sample using a Fisons CHN 
Model NA 1500 Elemental Analyzer. Total phosphorus concentration was 
determined colorimetrically following a modification of the method proposed 
by Solorzano and Sharp (1980). The modified method has been found to 
yield 95-103% of the reported P content of NBS standard orchard leaves 
(Fourqurean et al. 1992). Data from leaf fall and nutrient concentration in leaf 
fall were used to compute both nitrogen (NUEn) and phosphorus (NUEP) use 
efficiency. Both indices were computed as the dry mass to nutrient 
concentration in dry mass ratio (Vitousek 1982).
Nutrient Resorption Efficiency 
At Terminos Lagoon, green and senscent leaves were collected within 
the fringe and basin zones of Estero Pargo. At Boca Chica and Pom-Atasta
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samples were collected only within the fringe zone at each study site. At each 
site a 0.1 ha plot was established and three trees of A. germinans, R. 
racemosa, and L. racemosa were tagged and used as experimental units. 
Samples were collected every two months from January to October of 1998.
At SE Everglades, samples were collected at three fringe and dwarf 
forests: McCormick, Taylor Ridge, Trout, and Taylor Dwarf. The red dwarf 
forest and the fringe forest at Taylor were established along a salinity and 
nutrient gradient. At each site a 0.005 ha plot was established and five trees of 
R. mangle and A. germinans were tagged and used as experimental units. 
Samples were collected in November 1997, January, March, May, and August 
of 1998. At both Terminos Lagoon and SE Everglades sites, mature green 
leaves were collected from the canopy selecting branches from the middle 
reaches of each tagged tree. Senescent leaves were collected by very gently 
shaking the tree and picking the fallen leaves. Approximately 100 mature 
green and 50 senescent leaves were removed in the field and taken to the 
laboratory where approximately 30 leaves were randomly selected for further 
analysis. Samples were oven-dried at 60‘C for 48 hours and weighed to ± 
0.001 g.
Nutrient resorption was computed from changes in nitrogen and 
phosphorus concentration (mg per gram dry mass) between green and 
senescent leaves using the following relationship:
Resorption (%) = ((green-senescent)/green)) x 100.
57
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Changes in leaf mass, between green and senescent leaves, were 
small (3-4%); therefore, resorption computations were not corrected for 
differences in leaf mass. Thus, resorption values are reported as concentration 
on mass basis. Nutrient content analyses in green and senescent leaves were 
carried out in the same way as for litterfall samples.
Statistical Analysis 
Leaf litter, nitrogen and phosphorus concentration in green and 
senescent leaves, were tested for significant differences (p < 0.05) among 
sites, species, and seasons using an ANOVA split-plot model. When an 
ANOVA found a significant difference among treatments, a priori pairwise 
orthogonal contrast was used to locate the differences among the levels of 
treatments. Violations of the assumptions for the method were checked by




At Terminos Lagoon sites, nitrogen (%) and phosphorus (%) 
concentration and total nitrogen and phosphorus were relatively similar 
among study sites, except at Boca Chica where nitrogen concentration was 
the lowest. Low nitrogen values in Terminos Lagoon led to high C:N and low 
N:P atomic ratios at Estero Pargo and Boca Chica. Bulk density was higher at 
Boca Chica and Puerto Rico relative to the other sites (Table 3.1). Soil 
characteristics at each site are apparently related to their position relative to
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river discharge and tide activity. Based on soil N:P ratios, there is nutrient 
gradient in which phosphorus decreases from riverine to basin sites.
At SE Everglades, nitrogen and phosphorus concentrations were 
similar among sites that led C:N atomic ratios to be very homogeneous among 
study sites, except at Taylor Dwarf where both nutrient concentrations were 
lowest. Based on N:P ratios, no clear nutrient gradient was observed at SE 
Everglades. However, Taylor Dwarf was the most nutrient limited site and 
Trout the least limited (Table 3.2).
Terminos Lagoon
Leaf Fall Nutrients
The average nitrogen concentration in leaf fall at Estero Pargo ranged 
from 10.3 mg g '\  in the fringe forest, to 11.9 mg g‘1 in the basin forest. In terms 
of nitrogen concentration in leaf fall there were no significant differences 
between both forest types (p > 0.05). However, there were significant 
differences between seasons (p < 0.001) with dry season having the lowest 
concentration (9.8 mg g‘1) and rainy season the highest (12.4 mg g’1). Among 
species, A. germinans had the highest nitrogen concentration (13.4 mg g'1) 
and L. racemosa, the lowest (7.8 mg g'1). C:N atomic ratios ranged from 39 to 
49, with the basin forest having the lowest value and fringe zone the highest. 
Spatial differences in C:N ratios between fringe and basin zones were 
significant (p < 0.05). In contrast, C:N atomic ratios were similar among 
mangrove species with an average of 50. At Pom-Atasta nitrogen content in 
leaf fall was highest at Puerto Rico (15.8 mg g'1) and lowest at Palancares (10
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mg g'1). However, there were no significant differences among sites (p > 0.05). 
As expected, C:N atomic ratios were lower at Puerto Rico (34) than at 
Palancares (54). A. germinans had the highest nitrogen concentration (15.2 
mg g'1) which was observed among all study sites at Pom-Atasta.
Phosphorus concentration in leaf fall at Estero Pargo was lowest at the 
basin zone (0.39 mg g'1) and high at the fringe zone (0.43 mg g'1). However, 
spatial P concentrations were not significant (p > 0.05). Among mangrove 
species, average P concentration was higher in A. germinans (42) and lower 
in R. mangle (36); however, differences were not significant. N:P atomic ratios 
were significantly higher at basin forest (108) than at the fringe zone. Average 
N:P atomic ratios were 58 and 76 at the fringe and basin forests. N:P ratios by 
mangrove species were high for A. germinans (73) and low for L. racemosa 
(48). However, no significant differences were found among species (p >
0.05). At Pom-Atasta, P concentration was significantly higher at Puerto Rico 
site (1.23 mg g’1) relative to the other three sites where values ranged from 
0.47 to 0.59 mg g'1. N:P ratios ranged from 30 to 57 in which Puerto Rico was 
the lowest, and El Corte was the highest. However, spatial differences were 
not significant (p > 0.05).
Nutrient Use Efficiency
Since litterfall production in a tree, forest, community, or site is a 
collective property, nutrient use efficiency was estimated for each study site. 
However, since litterfall was collected and separated by species, the relative 
nutrient use efficiency of mangrove species located at each study site was also
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Table 3.1 Soil Physico-Chemical Properties at Terminos Lagoon Study Sites
Soil Properties Estero Pargo Estero Pargo Boca Chica Puerto Rico Atasta
Fringe* Basin* Riverine* Fringe Fringe
Soil C (%) 14.51 19.1 10.2 11.2 16.8
Soil N (%) 0.571 0.86 0.32 0.51 0.69
Soil P (%) 0.058 0.037 0.043 0.049 0.058
Bulk Density 0.288 0.309 0.412 0.485 0.245
Total C (mg cm'3) 41.7 58.7 42.1 54.3 41.2
Total N (mg cm'3) 1.62 3.4 1.3 2.5 1.7
Total P (mg cm3) 0.17 0.15 0.18 0.24 0.14
Atomic C:N 30 26 37 25 28
Atomic N:P 22 51 16 23 26
Interstitial Salinity 45 70 45 57 25
* Soil data by Lynch et al 1989.
Table 3.2 Soil Physico-Chemical Properties at SE Everglades Sites
Soil Properties McCormick Taylor Ridge Taylor Dwarf Trout Creek 
__________________ Fringe______ Fringe______ Dwarf______ Fringe
Soil C (%) 12.9 13.1 25.1 14.4
Soil N (%) 0.85 0.8 1.38 0.904
Soil P (%) 0.041 0.03 0.044 0.044
Bulk Density 0.641 0.802 0.145 0.424
Total C (mg cm'3) 82.7 105.1 36.4 61.1
Total N (mg cm'3) 5.2 6.45 1.97 3.81
Total P (mg cm'3) 0.21 0.23 0.07 0.19
Atomic C:N 18 19 21 19
Atomic N:P 54 64 70 31
Interstitial Salinity 28 25 11 33
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assessed. At Estero Pargo, average nitrogen use efficiency (NUEn) ranged 
from 73 to 93. The lowest value was for the basin area C and the highest for 
the fringe zone. By species, L. racemosa had the highest value (128) and A. 
germinans the lowest (72). A. germinans decreased its efficiency towards the 
inland areas with higher NUEn at the fringe zone and lower at the basin area 
C (Figure 3.3a). Phosphorus use efficiency (NUEP) was highest at basin area 
B and relatively similar at the other areas. Phosphorus use efficiency was very 
similar among the three mangrove species with an average efficiency of 2500. 
The only exception was basin area B, where A. germinans increased its P 
efficiency to 4000 (Figure 3.3b).
At Pom-Atasta, nitrogen use efficiency ranged from 63 to 99. Puerto 
Rico site had the lowest efficiency in using nitrogen and Palancares site the 
highest. By species, A. germinans had the lowest values and both R  mangle 
and L. racemosa the highest (Figure 3.4a). Phosphorus use efficiency was 
lowest at Puerto Rico site and highest at Palancares. R. mangle and L. 
racemosa were also more efficient is using phosphorus than A. germinans 
(Figure 3.4b).
Nutrient Resorption Efficiency
Nitrogen and phosphorus concentrations (mg g'1) in green leaves were 
significantly greater than that of the senescent leaves (p < 0.001, Tables 3.3 
and 3.4). Green and senescent leaves of R  mangle and L. racemosa were 
significantly lower than that of A. germinans for both nitrogen and phosphorus 
(p < 0.05). These results indicate that A. germinans, having higher nutrient
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Figure 3.3 Spatial pattern of nutrient use efficiency in leaf fall 
at Estero Pargo, Terminos Lagoon, a) Nitrogen and b) Phosphorus
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a
L. racemosa 














Figure 3.4 Spatial pattern of nutrient use efficiency in leaf fall at 
Pom-Atasta, Terminos Lagoon, a) Nitrogen and b) Phosphorus.
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Table 3.3. Nitrogen concentrations (mg g'1 dw) and resorption 
efficiency. Leaf types and resorption are compared within sites. 
Means±SE followed by different letters within leaf type are statistically 
different (p < 0.05). Means±SE followed by different numbers within 
sites are significantly different (p < 0.05). Mangrove species followed 
by different letter are significant different in resorption efficiency 
(p < 0.05).
Study Area: Terminos Lagoon, Mexico
Species: Rhizhophora mangle 3
Site Green Senescent Resorption (%)
Boca Chica 13.4±0.6 a1 








Species: Avicennia germinans a
Site Green Senescent Resorption (%)
Boca Chica 18.9±0.6a I 
Estero Pargo 18.8±0.8a1 
Pom-Atasta 16.9±0.93’
13.0±1.1 «  





Species: Laguncularia racemosa 3
Site Green Senescent Resorption (%)
Boca Chica 
Pom-Atasta
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Table 3.4. Phosphorus concentrations (mg g'1 dw) and resorption 
efficiency. Leaf types and resorption are compared within sites. 
Means±SE followed by different letters within leaf type are statistically 
different (p < 0.05). Means±SE followed by different numbers within 
sites are significantly different (p < 0.05). Mangrove species followed 
by different letter are significant different in resorption efficiency 
(p < 0.05).
Study Area: Terminos Lagoon, Mexico
Species: Rhizhophora mangle a
Site Green Senescent Resorption (%)
Boca Chica 0.85±0.03 






56.1 ±2.4 a 
63.6±2.3 6
Species: Avicennia germinans
Site Green Senescent Resorption (%)
Boca Chica 1.44±0.11a-' 
Estero Parg 0.75±0.10 01 
Pom-Atasta 1.07±0.04 a-1
0.85±0.09 a-2 
0.38±0.04 «  
0.62±0.04 ^
39.1 ±5.9 » 
44.2±5.0a 
41.3±3.9 a
Species: Laguncularia racemosa a
Site Green Senescent Resorption (%)
Boca Chica 0.96±0.12a1 0.58±0.10a2 
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content, is less efficient in resorbing both nitrogen and phosphorus through the 
senescing process (Tables 3.3 and 3.4). Nitrogen and phosphorus 
concentrations were not significantly different among dates indicating that 
nutrient concentration patterns between dry and rainy seasons were similar (p 
> 0.05).
Average nitrogen resorption efficiency for R. mangle, A. germinans, and 
L. racemosa was 37, 34, and 42 %, respectively. Despite the significant 
differences in nitrogen concentration in senescent leaves, among species and 
sites, there were not significant differences in nitrogen resorption efficiency 
among mangrove species within each site (p > 0.05, Table 3.3). Neither were 
there spatial nor seasonal differences (p > 0.05). Low nitrogen concentration 
in senescent leaves indicates that a particular species is able to reduce 
nitrogen efficiently (highly proficient). Accordingly, R. mangle and L. 
racemosa were more proficient than A. germinans even though nitrogen 
resorption efficiency was similar. Since nitrogen resorption among mangrove 
species and sites was relatively similar (Figure 3.5a), neither total soil nitrogen 
nor N:P soil ratios explained the spatial variability in nitrogen resorption.
Spatial variability in P resorption among mangrove species was very 
small. Average phosphorus resorption efficiency for R. mangle, A. germinans, 
and L. racemosa was 55, 42, and 50 %, respectively. However, there were 
significant differences in phosphorus proficiency in which R. mangle and L. 
racemosa were more efficient in resorbing phosphorus relative to A. 
germinans (p < 0.001, Table 3.4). High phosphorus proficiency of R. mangle
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!■ R. mangle 
jBA. germinans 
: □ L. racemosa
Figure 3.5 Resorption efficiency by species at Boca Chica, Estero Pargo, 
and Pom-Atasta, Terminos Lagoon, a) Nitrogen b) Phosphorus.
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and L. racemosa led these species to have a higher phosphorus resorption 
efficiency, particularly at Pom-Atasta (Figure 3.5b). Seasonal variability in 




Average nitrogen concentrations in leaf fall ranged from 6.2 at Taylor 
Dwarf to 8.9 mg g'1 at McCormick. However, there were no 
significantdifferences in nitrogen concentration among study sites nor between 
fringe and basin zones at each study site (p > 0.05). In contrast, there were 
seasonal differences in which dry season (7.8 mg g'1) was higher than rainy 
season (6.8 mg g \  p < 0.001). At species level, A. germinans had the highest 
N concentration (7.4) and L. racemosa the lowest (5.7). Differences between 
those two species were significant (p < 0.001)
Phosphorus concentration in leaf fall ranged from 0.10 to 0.67 mg g \  
The lowest values were observed at Taylor Dwarf site and the highest at Trout 
Creek. Despite this large variability, there were no significant differences 
among study sites nor between fringe and basin zones at each study site (p > 
0.05). At species level, C. erectus had the highest concentration (0.41 mg g'1) 
and R. mangle the lowest (0.17 mg g 1) while A. germinans and L. racemosa 
had 0.25 and 0.23, respectively. Differences between C erectus and R. 
mangle were significant (p < 0.001).
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Nutrient Use Efficiency
Nitrogen use efficiency (NUEn) was constantly low in A. germinans and 
high in R. mangle (Figure 3.6a). Spatially, the lowest NUEn value was 
observed at McCormick site and the highest at Taylor Dwarf. At the species 
level, nitrogen efficiency ranged from 98 to 208. The highest values were 
obtained for both R. mangle and L. racemosa and the lowest for A. germinans 
and C. erectus.
As with NUEn, phosphorus use efficiency (NUEP) was consistently low 
in A. germinans and high in R. mangle. Spatially, Trout site had the lowest 
value and Taylor Dwarf the highest (Figure 3.6b). At the species level, C. 
erectus had the lowest P use efficiency and R. mangle the highest. Both 
NUEn and NUEP showed no clear pattern in response to nutrient soil 
characteristics, except for Taylor Dwarf site where both indices were highest 
and soil nutrients were lowest.
Nutrient Resorption Efficiency
Nitrogen and phosphorus concentrations (mg g'1) in green leaves were 
significantly higher than in senescent leaves (Tables 3.5 and 3.6). A. 
germinans had significantly higher nitrogen and phosphorus concentrations 
in both green and senescent leaves relative to R. mangle and L. racemosa (p 
< 0.001, Table 3.5 and 3.6). These results indicate that both R. mangle and L. 
racemosa are more proficient in reducing both nutrients through the 
senescing process than A. germinans. Seasonal pattern in nitrogen
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5 0 0 0
I m r C. erectus 
UP L. racemosa 
/  R. mangle 
A. germinans
Figure 3.6 Spatial pattern of nutrient use efficiency in leaf fall 
at Taylor Dwarf, McCormick, Taylor Ridge, and Trout, SE Everglades, 
Florida, a) Nitrogen and b) Phosphorus.
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Table 3.5. Nitrogen concentrations (mg g'1 dw) and resorption 
efficiency. Leaf types and resorption are compared within sites. 
Means±SE followed by different letters within leaf type are statistically 
different (p < 0.05). Means±SE followed by different numbers within 
sites are significantly different (p < 0.05). Mangrove species followed 
by different letter are significant different in resorption efficiency 
(p < 0.05).
Study Area: SE Everglades, Florida
Species: Rhizhophora mangle 3
Site Green Senescent Resorption (%)
Taylor Dwarf 13.8±0.82 1)1 
Taylor Ridge 13.3±0.68 b1 
McCormick 13.8±0.44S1 









Species: Avicennia germinans 3
Site Green Senescent Resorption (%)
Taylor Ridge 19.2±0.56a1 
McCormick 18.5±0.63al 







Species: Lagunculaha racemosa “
Site Green Senescent Resorption (%)
Trout 13.2±0.46 1 4.3±0.162 65±4.7
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Table 3.6. Phosphorus concentrations (mg g'1 dw) and resorption 
efficiency. Leaf types and resorption are compared within sites. 
Means±SE followed by different letters within leaf type are statistically 
different (p < 0.05). Means±SE followed by different numbers within 
sites are significantly different (p < 0.05). Mangrove species followed 
by different letter are significant different in resorption efficiency 
(p < 0.05).
Study Area: SE Everglades, Florida
Species: Rhizhophora mangle 3





0.58±0.02 ^  
0.65±0.02 
0.64±0.02 b ' 
0.65±0.0201
0.10±0.007 ^  
0.12±0.006 °-2 






Species: Avicennia germinans 0













Species: Laguncularia racemosa a
Site Green Senescent Resorption (%)
Trout 0.84±0.03' 0.20±0.0082 76.0
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concentration was significantly different in green leaves (p < 0.001) but it was 
similar in senescent leaves (p > 0.05). Among sites and species, resorption of 
nitrogen was significantly lower than that of phosphorus. Average nitrogen 
resorption efficiency for R. mangle, A. germinans, and L. racemosa was 48,
44, 65 %, respectively. Nitrogen resorption efficiency was significantly higher 
in L. racemosa than that of the other two mangrove species (p < 0.001). The 
high nitrogen resorption efficiency found in L. racemosa was related to its high 
nitrogen proficiency, which means that this species is very efficient in 
resorbing nitrogen during the senescing process. R  mangle and A. 
germinans had similar nitrogen resorption efficiency, however R  mangle was 
able to resorb nitrogen more efficiently than A. germinans (Table 3.5). 
Seasonal variability was significantly different with dry season being higher 
than rainy season (p > 0.05). However, seasonal differences were significant 
only for R  mangle. Nitrogen resorption was relatively similar among sites and 
species, except at Trout where resorption was highest (Figure 3.7a).
Average phosphorus resorption efficiency was significantly different 
among the mangrove species (p < 0.001, Table 3.6), in which R  mangle had 
a higher resorption value (81 %) than either L. racemosa or A. germinans (76 
and 68 %). At Taylor Dwarf, R  mangle was significantly more efficient in 
reducing phosphorus (proficient) than the other two species (p < 0.001, Table 
3.6). However, there were no significant differences in P resorption among 
sites for either R  mangle or A. germinans (Figure 3.7b). Thus, even though 
that R  mangle was highly proficient in reducing phosphorus at Taylor Dwarf,
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■  R. mangle
■  A. germinans 
□  L. racemosa
Figure 3.7 Resorption efficiency by species at Taylor Dwarf (TD), 
Taylor Ridge (TR), McCormick (MC), and Trout (TT), SE Everglades, 
Florida, a) Nitrogen and b) Phosphorus.
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spatial differences in P resorption were not significant (p > 0.05). Since L. 
racemosa was found only at Trout, spatial comparisons are difficult. However, 
this species was highly proficient at Trout causing L. racemosa to have high 
resorption efficiency (76 %) which was relatively similar to that of R. mangle at 
the same site (79 %). For both R. mangle and A. germinans, P resorption was 
higher during the dry season and during the rainy season, however, seasonal 
variability was not significant (p > 0.05).
DISCUSSION
The three parameters of nutrient use efficiency were highly related to 
each other in the sense that low concentration in senescent leaves (high 
proficiency) led to high resorption efficiency that in turn led to high nutrient use 
efficiency. Based on nutrient concentration in senescent leaves, Killingbeck 
(1996) proposed that species that were able to reduce nitrogen to lower than 7 
mg g'1, should be considered highly proficient. Values above this threshold 
should be considered as incomplete resorption. At SE Everglades, only L. 
racemosa was able to resorb nitrogen successfully to levels below 7 mg g \  
while at Terminos Lagoon L racemosa was also able to resorb nitrogen lower 
than 7 mg g \  At SE Everglades, high nitrogen proficiency in L. racemosa led 
this species to have a higher nitrogen resorption efficiency (65) relative to the 
other two mangrove species. Similar values were reported for L. racemosa 
individuals located at Shark River where nitrogen resorption was 5.3 mg g*1 
(Lawton-Thomas 1997). R. mangle was the mangrove species that was able 
to reduce nitrogen next most efficiently, after L. racemosa (Table 3.7). In
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particular, R. mangle individuals, located at Rookery Bay, Fla, were able to 
reduce nitrogen to levels lower than the threshold value. Thus, high N 
proficiency along with low soil nitrogen content, may explain the highest N 
resorption efficiency observed in R. mangle located within basin forests at 
Rookery Bay. These N resorption values are the highest among mangrove 
species distributed in the Florida region (Table 3.7). On the whole, both L. 
racemosa and R. mangle were the most successful mangrove species in 
reducing nitrogen and A. germinans was the less successful. This result 
suggests that mangrove forests dominated by nitrogen proficient species, 
nitrogen resorption will be high at these sites. Trout site at SE Everglades is 
an example in which L. racemosa, along with R. mangle, dominate the fringe 
zone of this site. Dominance of these two mangrove species caused this site 
to have the highest nitrogen resorption efficiency among all sites at SE 
Everglades. As mentioned above, at Terminos Lagoon nitrogen proficiency 
was attained also by L. racemosa species. On the average, low nitrogen 
proficiency at Terminos Lagoon caused mangrove species to have lower 
nitrogen resorption efficiency, when compared to mangrove species located at 
SE Everglades, Shark River and Rookery Bay (Table 3.7). This result 
indicates that nitrogen is not a limiting factor at any Terminos Lagoon site.
This is surprising because soils at Terminos Lagoon contain less nitrogen 
relative to any site in the Florida study region.
As it was hypothesized nutrient use efficiency (NUE), as the dry mass to 
nutrient content in dry mass ratio, was higher at sites where nutrients were
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efficiently resorbed. The amount of nutrient returned in litterfall had a direct 
effect on NUE, such that low nutrient return in litterfall led to higher nutrient use 
efficiency. This pattern was observed at SE Everglades where NUE was 
higher, relative to Terminos Lagoon sites. NUEn values from other mangrove 
sites (Table 3.7) reveal that NUEn values at Terminos Lagoon sites were 
among the lowest on record and that mangrove sites located in Malaysia and 
Australia had the highest values. NUEn values among several Florida sites 
show that SE Everglades sites were, on the average, lowest in the region, 
except for A. germinans-dominaied basin forest at Rookery Bay where NUEn 
was 94. Low nitrogen use efficiency values suggest that sites at Terminos 
Lagoon are less limited by nitrogen than sites at SE Everglades and 
elsewhere. In particular, mangrove species at Rookery Bay, where total 
nitrogen in the soil was lowest, seemed to be more nitrogen limited (Steyer 
1988). Thus, nitrogen limitation at Rookery Bay caused mangrove species to 
be more efficient in using this nutrient relative to mangrove species at SE 
Everglades and Terminos Lagoon (Table 3.7). Total nitrogen soil content was 
relatively similar among study sites at both Terminos Lagoon and SE 
Everglades. Thus, using total nitrogen soil content as a fertility index did not 
explain the spatial variability of nitrogen use efficiency at either SE Everglades 
or Terminos Lagoon region. Factors other than nitrogen soil fertility may 
explain better patterns of nitrogen use efficiency among study sites.
Accordingly, species composition may be an important factor in regulating the 
amount of nutrient returned in litterfall and consequently the efficiency in using
79
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
limited resources. At both Terminos Lagoon and SE Everglades, A. germinans 
was the mangrove species with higher nutrient concentration in leaf fall 
relative to R. mangle and L. racemosa. Thus, low nutrient use efficiency can 
be expected in those sites where A. germinans dominates. Puerto Rico, basin 
areas B and C at Estero Pargo are good examples, while McCormick and 
Taylor Ridge at SE Everglades are another example. In contrast, sites 
dominated by R. mangle, such as Taylor Dwarf and Rookery Bay, Fla. NUEn 
values were highest (Table 3.7). These results suggest that R. mangle may 
use nitrogen more efficiently than A. germinans. My results are in agreement 
with those by Twilley et al. (1986), Steyer (1988), and Lawton-Thomas (1997) 
who showed that R. mangle used nitrogen more efficiently than A. germinans 
in mangrove forests at Rookery Bay and Shark River, Florida.
The threshold, proposed by Killingbeck (1996), in which phosphorus 
resorption has high proficiency is 0.4 mg g \  All mangrove species at SE 
Everglades sites were highly phosphorus proficient. In contrast, at Terminos 
Lagoon only R. mangle was able to resorb P to levels lower than 0.4 mg g'1.
At the SE Everglades sites, high proficiency among mangrove species led 
them to have a very high phosphorus resorption efficiency. In particularly, R. 
mangle was the most proficient and, therefore had the highest resorption 
efficiency (81) among the three mangrove species. A. germinans was the less 
proficient and had the lowest resorption efficiency at both study regions. At SE 
Everglades phosphorus content in soil was lower relative to nitrogen, causing 
all mangrove species to be highly efficient in resorbing phosphorus. This result
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indicates that phosphorus-poor soils play a major role in driving nutrient 
resorption when phosphorus availability is extremely low, such as at SE 
Everglades. At Terminos Lagoon, where phosphorus is not limited due to 
allochthonous input by river discharge, mangrove species were less efficient 
in resorbing this nutrient. Similar results were obtained at rich-phosphorus 
mangrove forests at Shark River where phosphorus resorption was similar to 
that of Terminos Lagoon sites (Table 3.7).
Phosphorus return in litterfall was lower at SE Everglades sites relative 
to Terminos Lagoon sites, causing mangrove species to have high 
phosphorus use efficiency (NUEP) at most SE Everglades sites. The exception 
was Trout where NUEP was relatively similar to most sites at Terminos Lagoon. 
The Trout area is where phosphorus limitation in aquatic environments has 
been related to high N:P ratios in seagrass communities distributed in this 
section of Florida Bay (Fourqueran et al. 1992). However, Trout Creek is also 
the point in this section of SE Everglades where most freshwater drains into 
Northeastern Florida Bay (Rudnick et al. 1999). Nutrient flux studies carried 
out at SE Everglades showed that fluxes of nitrogen and phosphorus were 
higher at Trout Creek, relative to all point sources of freshwater draining into 
Eastern Florida Bay (Sutula 1999). It is possible that high nutrient input 
through this creek caused phosphorus to be less limiting at Trout, relative to 
McCormick, Taylor Ridge, and particularly to Taylor Dwarf. High phosphorus 
concentrations, in leaf fall, suggest that Trout is less limited in phosphorus 
relative to the other study sites at SE Everglades. Moreover, NUEP at Trout
81

















Table 3.7 Nutrient use efficiency, resorption efficiency, and proficiency values for different mangrove forests
Efficiency Use Resorption Efficiency Proficiency
Mangrove Type Location Species Nitrogen Phosphorus Nitrogen Phosphorus N  P Source
DWARF
FRINGE
SE Everglades R.m 164 10000 42 82 7.1 0.10 This Study
McCormick SE Everglades R.m 124 6200 45 81 7.4 0.12 This Study
Taylor Ridge SE Everglades R.m 135 6500 50 81 6.4 0.12 This Study
Trout SE Everglades L r 146 1975 65 76 4.3 0.20 This Study
Estero Pargo Terminos Lagoon R.m 94 2435 36 56 8.6 0.32 This Study
Puerto Rico Terminos Lagoon A.g 65 806 40 41 10.4 0.62 This Study
A tasta Terminos Lagoon R.m 85 1857 31 64 6.8 0.22 This Study
Rookery Bay 
BASIN
SW Florida R.m 266 - 57 - 3.7 Steyer 1988
McCormick SE Everglades A.g 100 4300 - - - This Study
Taylor Ridge SE Everglades A g 119 3100 - - - This Study
Trout
Estero Pargo
SE Everglades C.e 146 1800 * ■ * This Study
Area A Terminos Lagoon A.g 90 1941 35 54 12.5 0.39 This Study
Rookery Bay SW Florida R.m 192 - 49 - 4.8 Steyer 1988
Rookery Bay SW Florida R.m 286 - 32 • 6.1 Steyer 1988
Rookery Bay 
RIVERINE
SW Florida R.m 129 - “ - 4.7 Twilley et al. 1986
Shark River SW Florida R.m • - 49 55 6.3 0.38 Lawton-Thomas 1997
Shark River SW Florida A.g • - 51 41 9.4 0.77 Lawton-Thomas 1997
Malaysia R.apiculata 247 - - - - Ong et al. 1982
Australia R.apiculata 294 - - - - Bunt 1982
was lowest relative to several sites at Terminos Lagoon where phosphorus 
was not a limiting factor (Table 3.7). Thus, surprisingly this carbonate site was 
the least efficient in using phosphorus suggesting that phosphorus availability 
in this particular site was relatively high. In contrast, Taylor Dwarf had the 
highest NUEP value among all study sites (Table 3.7) which also suggest that 
phosphorus availability was very low. NUEP at Terminos Lagoon had little 
spatial variability between both Estero Pargo and Pom-Atasta. This result 
suggests that phosphorus is not a limiting factor in this region. This is 
particularly true for the Puerto Rico site where NUEP was the lowest (806) 
among all study sites. This result is not surprising because the dominant 
mangrove species, A. germinans, had the highest litterfall phosphorus 
concentration. Even though litterfall production was relatively low at this site, 
the highest nutrient concentration caused phosphorus return in litterfall to be 
high which in turn led to low index of use efficiency. As it was observed for 
nitrogen, R. mangle was the species that conserved phosphorus better than 
A. germinans at both Terminos Lagoon and SE Everglades regions. These 
results are in agreement with that of Lawton-Thomas (1997) who showed that 
R. mangle was the most efficient in conserving phosphorus along a nutrient 
gradient at Shark River, Florida.
Phosphorus has been shown to be the nutrient that most limits plant 
primary production and growth in carbonate environments (Twilley 1995,
Feller 1995, Koch and Snedaker 1997). Phosphorus availability in carbonate 
environments, such as in SE Everglades, is diminished because phosphorus
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interacts readily with clay and silt particles as they are coated with a layer of 
hydrated ferric oxyhydroide that occlude several forms of phosphate, making 
phosphorus unavailable for plant uptake (Patrick 1992). In contrast, at 
Terminos Lagoon, neither phosphorus nor nitrogen seem to limit growth and 
development in mangrove species. Since both nutrients have a major 
influence in driving primary production, it is not surprising that mangrove 
species are more productive at Terminos Lagoon than those at SE 
Everglades. Moreover, since high nutrient supply at Terminos Lagoon does 
not constrain plant performance in using nutrients, mangrove species are less 
efficient in using both nitrogen and phosphorus. However, there have been 
contrasting results when soil fertility is related to the efficiency with which 
nutrients are used. Data reviewed by Aerts (1996) indicated that terrestrial 
forest species living in poor-soil environments did not resorb nutrients more 
efficiently relative to species living in nutrient-rich settings. Aerts (1996) 
strongly stated that high nutrient resorption from senescing leaves is 
characteristic for most species and that species from nutrient-poor 
environments have not adapted to low soil fertility by having a high nutrient 
resorption efficiency. My data from both Terminos Lagoon and SE Everglades 
indicate that mangrove species, growing along a soil nitrogen fertility gradient, 
resorbed relatively the same amount of nitrogen regardless of the soil nitrogen 
content (Figures 3.8 and 3.9). In fact, data from Terminos Lagoon show that 
total soil nitrogen content is lower than that of SE Everglades. However, at 
Terminos Lagoon mangrove species resorbed less nitrogen (average 52).
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Figure 3.9 Nitrogen resorption along a soil nitrogen and N:P gradient at SE Everglades, Florida
Therefore, the hypothesis that mangrove species from nutrient-poor 
environments have both higher nutrient resorption and use efficiency than 
species from nutrient-rich environments does not hold for either Terminos 
Lagoon or SE Everglades sites. However, by looking at soil N:P ratios at SE 
Everglades along the same nutrient gradient, it appears that mangrove 
species were able to efficiently resorb more nitrogen in response to the 
phosphorus limitation that characterizes the Florida region (Figure 3.9). 
Accordingly, soil N:P ratios at Terminos Lagoon ranged from 16 at Boca Chica 
to 51 at Estero Pargo basin forest, while at SE Everglades it ranged from 31 at 
Trout to 70 at Taylor Dwarf. These results strongly indicate that phosphorus is 
proportionally more limiting than nitrogen at SE Everglades sites. Thus, in 
response to this phosphorus limitation, nitrogen resorption was higher at SE 
Everglades relative to Terminos Lagoon. At SE Everglades, the influence of 
poor-phosphorus soils is more evident when looking at the efficiency in which 
mangrove species conserve phosphorus. At SE Everglades, mangrove 
species were highly efficient in resorbing phosphorus, relative to mangrove 
species at Terminos Lagoon (Figures 3.10 and 3.11). Thus, mangrove 
species from phosphorus-poor environments have both higher nitrogen and 
phosphorus resorption than mangrove species from phosphorus-rich 
environments. This result further indicates that mangrove species, located at 
Terminos Lagoon, are less efficient in resorbing nitrogen and phosphorus in 
response to higher phosphorus availability. My results are consistent with that 
of Steyer (1988) who found that resorption efficiency decreased along an
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Figure 3.11 Phosphorus resorption along a soil phosphorus and N:P gradient at SE Everglades, Florida
increasing fertility gradient. My results are also in agreement with fertilization 
enrichment experiments showing that dwarf R. mangle species decreased 
phosphorus use efficiency when phosphorus was added to a poor- 
phosphorus environment (Feller et al. 1999). Thus, using Feller et al.’s (1999) 
experimental results and results from this field study, it is suggested that in 
extreme oligotrophic ecosystems, such as SE Everglades, R. mangle 
conserves phosphorus efficiently as an adapted mechanism in response to 
phosphorus deficiency. Based on results from this field study, it is concluded 
that phosphorus limitation at SE Everglades controls mangrove species 
efficiency in resorbing and using both nitrogen and phosphorus.
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CHAPTER 4
NUTRIENT RESORPTION AS A CONTROLLING FACTOR ON LITTERFALL 
DYNAMICS IN CARBONATE AND TERRIGENOUS MANGROVE 
ECOSYSTEMS IN THE GULF OF MEXICO
INTRODUCTION
Litterfall, the organic matter continually shed by the canopy, has
important ecological implications for the cycling of nutrients in the forest floor
(Singh 1992). Vitousek and Sanford (1986) reviewed nutrient cycling in
tropical moist forests and related it to factors such as climate, species
composition, succesional status, and soil fertility. In particular, nitrogen and
phosphorus cycling through litterfall is likely to change during succession and
may be affected by gap size, intensity of disturbance, and forest age (Herbohn
and Congdon 1998). In mangrove ecosystems, conditions for nutrient cycling
are controlled by two mechanisms, one abiotic and the other biotic (Lugo
1990). Hydrology, the abiotic control, affects the amount and turnover of litter
in the forest floor. It is also responsible for transporting inorganic nutrients
between creeks and estuaries and adjacent mangrove forests. Hydrology can
also be an important factor controlling the rate of litter decomposition and the
chemistry of the soil in mangrove ecosystems. Nutrient resorption, the biotic
control, affects the amount of nutrient returned to the forest floor through
litterfall and the decomposition rate of litterfall (Aerts 1997).
Knowing the amount of nutrients cycled through litterfall is important
because litter falling to the forest floor is a major process for transferring
nutrients to the soil (Singh 1992). The forest floor may play an important role
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on the nutrient economy of forest ecosystems, as a site for nutrient 
conservation because during the decomposition process the concentration of 
some nutrients in leaf litter usually increases (Twilley et al. 1986). This 
increase of nutrients, particularly nitrogen and phosphorus, during litter 
decomposition have been observed in mangrove ecosystems (Heald 1969, 
Rice and Tenore 1981, and Day et al. 1982). Nitrogen fixation and adsorption 
of phosphorus are some of the factors that have been shown to contribute to 
the nutrient increase during degradation of leaf litter (Zuberer and Silver 1978, 
Day et al. 1982, Van der Valk and Attiwill 1984). Twilley et al. (1986) 
suggested that nitrogen fixation supplements the sediment nitrogen pool and 
might be used as a new source of nutrients to enhance primary production in 
mangrove ecosystems. However, the contribution of nitrogen and phosphorus 
to the sediment pool by leaf litter decomposition is affected by the residence 
time of leaf litter on the forest floor (Steyer 1988). Accordingly, infrequently 
flooded forests have both greater nitrogen and phosphorus immobilization 
because less litter is lost from the system due to export (Brinson et al. 1980; 
Twilley et al. 1986). Thus, low turnover of litterfall, in situ leaf litter 
decomposition, and nutrient mineralization are important processes that 
enhance conservation of nutrients within the forest. This mechanism is known 
as the within-system nutrient cycling (Vitousek 1984). Within-system nutrient 
cycling is efficient if nutrient losses from the system are kept at low levels 
(Aerts 1997). A high level of nutrient recycling is characteristic of forests where 
a closed biogeochemical cycle is a strategy for conserving nutrients (Twilley
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1997). This process seems to be high in nutrient-poor environments such as 
temperate and tropical forests where nitrogen and phosphorus, respectively, 
limit primary production (Snedaker 1980, Cuevas and Medina1986).
The fraction of nutrients that is not resorbed during leaf senescence is 
returned to the forest floor via litterfall. Thus, nutrient resorption from senescent 
leaves prior to abscission determines the initial nutrient concentration in leaf 
fall (Aerts 1997). Moreover, low nutrient resorption within the canopy results in 
greater nutrient content in leaf fall which in turns leads to higher 
decomposition rates (Aber and Melillo, 1982). It is important to point out that a 
high litter decomposition rate does not necessarily mean that nutrients are 
readily released since during the initial stages of litter decomposition 
considerable amounts of nutrients are immobilized (Blair 1988). Whether 
nutrients are released or immobilized during the decomposition process is 
associated with the demand by the microbial community. Thus, when the 
nutrient content in decomposing litter is insufficient to meet microbial 
community demand, an imbalance occurs and nutrients are immobilized and 
are not released until nutrient demand is met (Rivera-Monroy and Twilley 
1996). The microbial community meets nutrient demand by accumulating 
nutrients from other sources such as soil nutrients and the atmosphere. When 
nitrogen is the nutrient in demand, nitrogen fixation is an important source that 
helps the microbial community to meet their metabolic needs (Van der Valk 
and Attiwill 1984). In wetland ecosystems, such as mangroves, the relative 
rate of nutrient immobilization or release is not only influenced by the initial
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nutrient content of leaf fall, but also by tidal activity (Twilley et al 1986). Tides 
are important because they supply mangrove forests with inorganic nutrients 
(Alongi et al. 1992, Rivera-Monroy et al. 1995). However, tides also enhance 
export of organic matter and some inorganic nutrients from the forest floor to 
adjacent water bodies (Twilley et al. 1986, Steyer, 1988, Rivera-Monroy et al. 
1995). Thus, increasing tidal activity may result in greater loss of organic 
matter and nutrients from the mangrove forest, and therefore can limit the 
within-system recycling process. It has been postulated that nutrient 
resorption, at the canopy level, is an important nutrient conservation 
mechanism in mangrove forests where tidal influence is greater because tides 
enhance high levels of litter turnover (Twilley et al. 1986). In contrast, in 
mangrove forests where tidal activity is lower, litter decomposition and nutrient 
recycling in the forest floor play a major role as a nutrient conservation 
mechanism (Twilley 1995).
This chapter focuses on the litterfall dynamics and nutrient resorption in 
mangrove forests at two contrasting environmental settings: a carbonate- 
dominated environment and a terrigenous-dominated environment. The main 
objective was to assess the relative importance of nutrient resorption, as a 
mechanism of nutrient conservation, on litterfall dynamics in mangrove forests.
I hypothesized that high nutrient resorption at the canopy level will cause 
nutrient turnover and litter decomposition rates to be low. Since nutrients are 
more limiting in carbonate environments, I also hypothesize that nutrient
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turnover and decomposition rates will be lower at SE Everglades than at 
Terminos Lagoon.
DESCRIPTION OF STUDY AREAS 
Terminos Lagoon 
Terminos Lagoon is a large (approximately 1800 km2), shallow (mean 
depth 3.5 m) coastal lagoon bordering the southern Gulf of Mexico in the state 
of Campeche, Mexico (Figure 4.1). It is connected to the Gulf of Mexico 
through two inlets, Puerto Real and Carmen, located on either end of Isla del 
Carmen, a barrier island that separates the lagoon from the open gulf. Tides 
are mixed diumal with a mean tidal ranging about 0.5 m that are in phase at 
the two inlets. Three rivers, Palizada, Candelaria and Chumpan, drain into the 
lagoon. The largest freshwater discharge, which has a marked effect on the 
salinity and hydrology of the lagoon water, occurs during October and 
November. Based on patterns of rainfall, air temperature and wind, three 
climatic seasons have been described in the area: dry season from middle 
February to early June, rainy season from June through October and the 
"Norte" or cold front season occurring from November to February (Yariez- 
Arancibia and Day 1982).
Terminos Lagoon is bordered almost completely by extensive mangrove 
forests that extend up the rivers and associated small lagoons to the limit of 
tidal influence. Three mangrove species dominate the landscape:
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Figure 4.1. Terminos Lagoon region showing the distribution of major habitats 
and the location of the study sites: Estero Pargo, Boca Chica, and Pom-Atasta.
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Rhizophora mangle L. (red mangrove), Avicennia germinans L. (black 
mangrove), and Laguncularia racemosa Gaertn. f. (white mangrove). A fourth 
species, Conocarpus erectus L. (buttonwood), occurs only within the zones 
where tides do not flood the mangrove forest.
In the Terminos Lagoon region, the study was conducted at three sites: 
Estero Pargo, Boca Chica, and Pom-Atasta (Figure 4.1). Estero Pargo, a tidal 
channel 5.9 km long and 8.5 meters wide, is located on the lagoon side of 
Carmen Isle. In this forest, tides regularly inundate the fringe forest zone, 
which is about 40 m wide, adjacent to the channel. In this zone R. mangle 
and A. germinans dominate although L. racemosa also occurs. Behind the 
fringe forests there is an extensive basin mangrove forest dominated almost 
completely by A. germinans.
Boca Chica, located at the mouth of the Palizada River, is a mangrove 
forest dominated by tall red and black mangroves with both highest complexity 
index and trees among study sites at Terminos Lagoon. This forest is 
influenced by both river and tides causing the forest floor to be inundated most 
of the year. Pom-Atasta, a lagunar system associated to Terminos Lagoon, 
presents a well defined salinity gradient that goes from the mouth to the inner 
section of the lagunar system. This salinity gradient was taken into 
consideration to choose the resorption study sites. These sites are: Puerto 
Rico, El Corte, Palancares, and Atasta. Accordingly, Puerto Rico is the site 
closest to Terminos Lagoon and most influenced by the effect of tides and 
Atasta is the site less influenced by tides.
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Southern Everglades 
The mangrove wetlands of the Everglades are located at the 
southeastern tip of the Florida peninsula. The mangrove wetland borders 
Florida Bay which is a large, shallow, subtropical embayment limited on the 
south and east by the Florida Keys (Figure 4.2). The climate of Florida bay 
and the Everglades is characterized as sub-tropical savanna with conspicuous 
dry and rainy seasons (Hela 1952). Tides in Florida Bay are semi-diurnal with 
an amplitude of 30 cm in the western bay. However, due to restricted 
circulation between the eastern and western basins the mean tide range in the 
eastern bay is in the order of 5 to 10 cm (Wang et al. 1994). The brackish 
wetlands of the southeastern Everglades (SE Everglades) are dominated by 
mangroves Rhizophora mangle, along with Avicennia germinans, 
Laguncularia racemosa, and Conocarpus erectus dominate the salinity 
transition zone, which is the zone adjacent to Florida Bay. The Everglades 
salinity transition zone is characterized as a carbon sedimentary environment, 
with limited allochthonous nutrient input (Rudnick et al. 1999).
McCormick Creek, Taylor River, Mud Creek, Trout Creek, and West 
Highway Creek are the major creeks through which freshwater drains into 
Eastern Florida Bay. The immediate source of this water is undeveloped 
wetlands (Water Conservation Areas) to the north of Everglades National Park 
(ENP), which are used for water storage. The banks of the creeks are points of 
relatively high topographical relief called the Buttonwood Ridge. This ridge
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Figure 4.2 Map of study area showing locations of mangrove study sites 
relative to the southern Everglades and Florida Bay.
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restricts the overland flow of water, making the creeks the major point source 
of freshwater to Florida Bay. Three fringe forests: McCormick, Taylor, and 
Trout were chosen to carry out the nutrient resorption study. In addition to 
these three sites, a dwarf red mangrove forest, located about 2 km north of the 
mouth of Taylor creek, was also established to carry out the resorption study. 
The dwarf red forest is also characterized by calcareous marl sediment with 
little tidal influence and, like the freshwater Everglades marsh, is highly 
oligotrophic (Rudnick et al 1999).
METHODS 
Nutrient Resorption 
At Terminos Lagoon three individuals of A. germinans, R. racemosa, 
and L. racemosa were tagged and used as experimental units. Mature green 
leaves were collected from the canopy selecting branches from the middle 
reaches of each tagged tree. Senescent leaves were collected by very gently 
shaking each tree and picking the fallen leaves. At Estero Pargo, samples 
were collected within the fringe and basin zones. At Boca Chica and Pom- 
Atasta, samples were collected only within the fringe zone. Samples were 
collected every two months from January to October of 1998.
At SE Everglades, samples were collected at McCormick, Taylor Ridge, 
Trout, and Taylor Dwarf. At each site five trees of each mangrove species, 
located within the fringe zone only, were tagged and used as experimental 
units. Samples were collected in January, March, May, and August of 1998. At 
both Terminos Lagoon and SE Everglades sites, approximately 100 mature
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green and 50 senescent leaves were removed in the field and taken to the 
laboratory where approximately 30 leaves were randomly selected for further 
analysis. Samples were oven-dried at 60‘C for 48 hours and weighed to ± 
0.001 g.
Nutrient Litterfall Dynamics 
At Estero Pargo, two 20 x 50 m plots were established in the fringe zone 
and two 20 x 50 m plots at each of the three areas of the basin zone were also 
established. Each plot has five 0.25 m2 litter collectors, made of wood frames 
lined with plastic screening (1 mm mesh) that were randomly deployed within 
the plots. Litterfall for nutrient analysis was collected from January to 
December in 1998. At Pom-Atasta, each study site has two 20 x 50 m plots 
located in the fringe zone only. Each plot has also five 0.25 m2 litter collectors 
randomly deployed within the plots. Litterfall for nutrient analysis was 
collected monthly from September 1997 to December 1998.
The sites at Southern Everglades were set in similar way to the sites in 
Terminos Lagoon. The forest at McCormick Creek has two 20 x 25 m plots at 
both fringe and basin zones. The site at Taylor Creek has two 10 x 25 m plots 
in the fringe zone and two 20 x 25 m plots in the basin zone. The size of the 
plots at the fringe zone is related to the narrowness of this zone. The dwarf 
site has two 5 x10 m plots. Plot size was related to the high tree density of the 
forest. The mangrove forest at Trout has two 20 x 25 m plots at both fringe and
basin zones. Each plot at Southern Everglades study sites has five 0.25 m2 
litter collectors, made of wood frames lined with plastic screening (1 mm mesh)
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that were randomly deployed within the plots. Litterfall for nutrient analysis 
was collected about every 4 to 5 weeks from August 1996 to July 1998.
Litter standing crop was measured by randomly collecting litter from the 
surface of the forest floor (Xss horizon) in the vicinity of the litterfall collectors.
Litter standing crop was collected using a 0.1 m2 PVC frame. Twelve samples 
were randomly collected every 4 to 5 weeks at both Terminos Lagoon and SE 
Everglades study sites. However, litter standing crop was not collected at 
Pom-Atasta nor at Boca Chica study sites due to logistic problems. Litterfall 
from each collector was oven-dried to constant weight at 70 °C for 72 h, sorted 
into leaves (by species), twigs, fruits, stipules and woody material, and 
weighed to within 0.01 g. Standing crop samples were sorted into leaves and 
miscellaneous, and then weighed to within 0.01 g.
Nutrient turnover was calculated for leaf fall and woody components 
using the mathematical mode! k= U  Xss proposed by Olson (1963). In the 
model, k is the turnover rate in years, L is the nutrient return in litterfall, and 
Xss is the nutrient mass accumulated on the forest floor. The model assumes 
that the surface standing litter is in steady state (dXss/dt= 0).
Nutrient residence time is an indirect measure of nutrient conservation 
within the forest. Within-system nutrient cycling was evaluated using the 
litterfall dry mass to nutrient mass in litterfall ratio which is a measure of 
nutrient efficiency at the leaf-level (Vitousek 1982, Aerts 1997). This ratio 
assumes that the higher the value, the more efficient is the process because 
more dry matter is produced per unit of nutrient circulated in litterfall. The
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within-system nutrient efficiency was evaluated in terms of nitrogen and 
phosphorus.
Decomposition Experiments 
Study sites at SE Everglades had similar characteristics in terms of 
species composition, soil type, and tidal influence. Therefore, leaf litter 
decomposition experiments were carried out only at Taylor Ridge and Taylor 
Dwarf. Senescent leaves of A. germinans and f t  mangle, the dominant 
species at the study sites, were picked from the canopy at Taylor Ridge and 
only f t  mangle leaves at Taylor Dwarf. Samples were taken to the laboratory 
where they were oven-dried at 60 °C for 48 hours. Leaves were divided into 
samples, each one consisting of 15 g from each mangrove species. Each 
sample was then placed into a nylon mesh bag and laid flat on the forest floor. 
At Taylor Ridge, 16 bags from each species were deployed within the fringe 
zone about one meter from the tidal creek. Another 16 bags were deployed 
within the basin zone about 30 meters from the tidal creek. At Taylor Dwarf, 16 
samples of f t  mangle were deployed under intertidal conditions and another 
set was deployed under supratida! conditions within the forest. The whole set 
of samples was placed about 5 meters from the tidal creek. Three bags of 
each mangrove species were retained to derive initial weights and nutrient 
content. The decomposition experiment lasted from May 1997 to May 1998 in 
which duplicate samples of each mangrove species and site were retrieved 
after 13, 31, 44, 87, 128, 184, 304, and 361 days. When samples were 
removed from the field, they were taken to the laboratory where they were
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gently washed to remove sediment and then oven-dried to constant weight at 
60 °C. At Terminos Lagoon a similar experiment, using R. mangle leaves and 
following the same protocol, was carried out by Day et al. (1982). The 
decomposition experiment was performed at the very same sites where I 
carried out the litterfall and resorption studies. Results from this study have 
been re-analyzed and will be used as part of this research. Decomposition 
experiment data were analyzed using a single exponential model:
W, = W0 e‘kt
Where Wt is the sample weight at time t, Wo is the initial weight at time 0, and k 
is the decomposition rate in days.
Nutrient Analysis
Leaf samples were ground using a Willey mill with 4 mm mesh screen. 
Before weighing for nutrient analysis, samples were redried at 50 °C until 
constant weight was achieved. Percentages of carbon and nitrogen were 
determined for duplicate subsamples using a Fisons CHN Model NA 1500 
Elemental Analyzer. Total phosphorus concentration was determined 
colorimetrically following a modification of the method proposed by Solorzano 
and Sharp (1980). The modified method has been found to yield 95-103% of 
the reported P content of NBS standard orchard leaves (Fourqurean et al. 
1992).
Statistical Analysis 
Resorption data were analyzed using a repeated measurement 
analysis to test for site, species, and seasons. Decomposition experiment data
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were analyzed using a two way ANOVA analysis to test for species and site 
(fringe versus basin) and flooding (intertidal versus supratidal) differences. 
Linear contrasts were used to interpret differences among factors. Violations of 
the assumptions for the method were checked by residual analysis. Statistical 
analyses were performed using JMP 3.0.1 (1994).
RESULTS 
Nutrient Resorption 
Both, nitrogen and phosphorus resorption efficiency, were significantly 
lower at Terminos Lagoon sites than at SE Everglades sites. In contrast, 
nutrient resorption among sites, at each study region, was relatively similar. At 
Terminos Lagoon sites, average nitrogen resorption efficiency for f t  mangle,
A. germinans, and L. racemosa was 37, 34, and 42 %, respectively. There 
were no significant differences in nitrogen resorption efficiency among 
mangrove species within each site (p > 0.05). Neither were there temporal 
differences (p > 0.05, Table 4.1). However, at Estero Pargo nitrogen 
resorption, for both R. mangle and A. germinans, was significantly higher 
within the fringe zone relative to the basin zone (Table 4.1). Average 
phosphorus resorption efficiency for R. mangle, A. germinans, and L. 
racemosa was 55, 42, and 50 %, respectively. There were significant 
differences among species within each site (p < 0.05). However, temporal 
differences were not significant (p > 0.05, Table 4.1). At Estero Pargo, 
phosphorus resorption followed a similar pattern to that of nitrogen, higher 
within the fringe zone and lower within the basin zone (Table 4.1). At SE
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Everglades sites, average nitrogen resorption efficiency for R. mangle, A. 
germinans, and L. racemosa was 48, 44, 65 %, respectively. Nitrogen 
resoprtion efficiency was relatively higher in L racemosa than that of the other 
two mangrove species, but differences were not significant (p > 0.05).
Spatially, N resorption was not different between the Dwarf forest and the 
three fringe forests (p > 0.05). Neither was temporal variability significant (p > 
0.05, Table 4.2). Average phosphorus resorption efficiency was significantly 
different among the mangrove species within sites (p < 0.001). Resorption in 
R. mangle was higher than that of either L. racemosa or A. germinans (Table
4.2). On the average, P resorption was higher at the Dwarf forest relative to 
the other three fringe forests (p < 0.05). In contrast, temporal variability was 
not significant (p >0.05, Table 4.2).
Nutrient Litterfall Dynamics 
Both nitrogen and phosphorus concentrations in leaf fall were high at 
Terminos Lagoon with C:N and N:P atomic ratios lower at Terminos Lagoon 
sites than at the SE Everglades sites. On the average, N:P ratios at Trout were 
lower than at any other study site. At Estero Pargo, C:N atomic ratios were 
lower for A. germinans, relative to R. mangle and L. racemosa. At the fringe 
forest, C:N ratios were relatively similar than those at the basin zone (Table
4.3). However, N:P ratios were higher at the basin zone relative to the fringe 
forest (Table 4.3). On the average, Pom-Atasta sites had both lower C:N and 
N:P ratios, relative to Estero Pargo. In particular, in Puerto Rico both C:N and 
N:P ratios were lowest due to the dominance A. germinans, which is the
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Table 4.1 Spatial and seasonal patterns of nitrogen and phosphorus 
resorption at Terminos Lagoon, Mexico. Different letters among 
sites and seasons are significantly different (p < 0.05). Diferent 
numbers within sites are significantly diferent (p < 0.05).
Nitrogen Resorption (%) (Means±SE)
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Table 4.2 Spatial and seasonal patterns of nitrogen and phosphorus 
resorption at SE Everglades, Florida. Different letters among 
sites and seasons are significantly different (p < 0.05).
Nitrogen Resorption (%) (Means±SE)
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mangrove species with both high N and P concentrations in leaf fall (Table
4.3). At SE Everglades sites, C:N atomic ratios were lowest at McCormick, 
while at the other three sites were similar. C:N ratio in A. germinans was 
higher relative to L. racemosa, R. mangle, and C. erectus (Table 4.4). N:P 
ratios were site-specific, in which R. mangle and A. germinans had lower 
ratios at Trout relative to Taylor Dwarf and McCormick sites. L. racemosa and 
C. erectus had higher N:P ratios at Taylor Ridge and lower ratios at Trout. 
(Table 4.4).
At Estero Pargo, nitrogen concentration in standing litter was higher 
than that of litter fall. Nitrogen concentration in standing litter ranged from 12.5 
to 14.8 mg g '\  while phosphorus concentration averaged 0.48 mg g'1. At SE 
Everglades, nitrogen and phosphorus concentrations in standing litter were 
higher than that of litterfall. Values ranged from 12.3 to 8.5 mg g'1 and 0.61 to 
0.29 mg g'1 for nitrogen and phosphorus, respectively. The lowest values were 
observed at Taylor Dwarf and the highest at Trout Creek.
Nutrient Turnover and Residence Time 
Tumover rates were similarly low among sites at SE Everglades and 
similar to that of the basin zone at Estero Pargo. Since standing litter was not 
collected at Pom-Atasta sites, nutrient turnover rates were evaluated only at 
Estero Pargo. Turnover rates were always higher at the fringe zone and 
decreased towards the inland sites (Table 4.5). This pattern indicated that 
nitrogen residence time was higher at the most inland area (6 months) and 
lower at the fringe zone (3 months). Phosphorus turnover was similar to that of
113
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Table 4.3 Carbon:Nitrogen and Nitrogen:Phosphorus atomic ratios 
in leaf fall in A) Estero Pargo and B) Pom-Atasta at Terminos Lagoon 
Mexico.
C:N Atomic Ratios (Means±SE) A
BASIN










N:P Atomic Ratios (Means±SE) A
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Table 4.4 Carborv.Nitrogen and NitrogemPhosphorus atomic ratios
in leaf fall at SE Everglades, Florida
C:N Atomic Ratios (Means±SE)
Species Taylor Dwarf Taylor Ridge McCormick Trout
A. germinans 63±2.0 55±1.3 71 ±5.3
R. mangle 86±2.5 92±2.7 78±1.3 98±5.8
L. racemosa 116±2.1 79±7.3
C. erectus 77±3.1 76±3.3
Non-mangrove 51±1.6
N:P Atomic Ratios (Means±SE)
Species Taylor Dwarf Taylor Ridge McCormick Trout
A. germinans 76±2.3 102±3.5 43±3.2
R. mangle 141 ±5.8 80±3.2 129±6.6 48±2.8
L. racemosa 101 ±3.6 44±2.5
C. erectus 91±3.7 25±1.3
Non-mangrove 69±3.2
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nitrogen, with the fringe zone being higher than the basin zone (Table 4.5). 
Phosphorus residence time was also similar to that of nitrogen.
At SE Everglades, nitrogen turnover rates were variable among the 
study sites ranging from 0.9 to 2.8 yr'1. They were lower at Taylor Dwarf site 
and higher at the fringed forests (Table 4.6). The low nitrogen turnover rate at 
Taylor Dwarf indicated that residence time at this site was the highest (13 
months) among all study sites. In contrast, high nitrogen turnover rate at Trout 
Creek indicated a low nitrogen residence time that ranged from 4 to 6 months. 
Phosphorus turnover rates were similar to that of nitrogen ranging from 0.7 to 
4.0 yr’1. The lowest values were also calculated for Taylor Dwarf and the 
highest for Trout Creek (Table 4.6). The low phosphorus turnover rate at 
Taylor Dwarf also indicated a high residence time (17 months). At Trout 
Creek, phosphorus residence time ranged from 4 to 5 months.
Decomposition Experiments 
Dry mass loss was faster at Terminos Lagoon sites than at SE 
Everglades. Also, A. germinans degraded faster than R. mangle. The dry 
mass loss of R. mangle leaves after 361 days was only 27% at Taylor dwarf 
site and 32% at Taylor Ridge. At Taylor Ridge dry mass loss was similar 
between leaves within the fringe forest and those located within the basin 
forest. The dry mass loss in A. germinans at Taylor Ridge after 361 days was 
62% which was higher than that of R. mangle. Dry mass loss of R. mangle at 
Terminos Lagoon was faster than that of R. mangle at SE Everglades sites. 
Accordingly, at Boca Chica and Estero Pargo R. mangle lost 50% of its
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Table 4.5 Nitrogen and phosphorus turnover rates (year'1) at Estero 
Pargo, Terminos Lagoon, Mexico
Nitrogen
Zone Leaf fall Woody litter Litterfall
Fringe 6.3 0.36 3.6
Basin
A 7.3 0.34 2.9
B 2.3 0.44 1.8
C 4.9 0.17 1.9
Phosphorus
Zone Leaf fall Woody litter Litterfall
Fringe 6.6 0.33 3.7
Basin
A 8.5 0.38 3.1
B 2.3 0.50 1.7
C 4.6 0.25 1.9
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Table 4.6 Nitrogen and phosphorus turnover rates (year'1) at SE
Everglades, Florida
Nitrogen
Site Leaf litter Woody litter Litterfall
Taylor Dwarf 1.0 0.6 0.9
Taylor Ridge
Fringe 1.7 2.6 1.9
Basin 1.9 1.3 1.4
McCormick
Fringe 1.5 1.5 1.5
Basin 1.2 6.0 1.3
Trout
Fringe 2.7 3.0 2.8
Basin 2.5 1.0 2.0
Phosphorus
Site Leaf litter Woody litter Litterfall
Taylor Dwarf 1.0 1.0 0.7
Taylor Ridge
Fringe 1.5 2.5 1.7
Basin 1.8 1.3 1.7
McCormick
Fringe 1.5 2.0 1.5
Basin 1.5 2.0 1.5
Trout
Fringe 3.6 5.0 4.0
Basin 3.2 2.0 2.9
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original dry mass after 65 and 180 days. R. mangle decomposition rates (k) 
were similar between sites (Taylor Dwarf vs Taylor Ridge) and treatments 
(fringe vs basin and intertidal vs supratidal) (Table 4.7). Decomposition rates 
of A. germinans at Taylor Ridge were not different between leaves within the 
fringe zone relative to those within the basin zone (p > 0.05). In contrast, A. 
germinans decomposition rate was significantly higher than that of R. mangle 
(p < 0.01). Decomposition rates of R. mangle at Terminos Lagoon were 
significantly higher than that of either Taylor Dwarf or Taylor Ridge (p < 0.05). 
In particular, R. mangle decomposition rates were highest at Boca Chica and 
lowest at Taylor Ridge (Table 4.7). However, decomposition rates of R. 
mangle between Terminos Lagoon and SE Everglades are not easy to 
compare, because the duration of both experiments was different. Since 
organic matter decomposition was greater early during the degradation 
process, the high k rates from Terminos Lagoon are likely related to the short 
duration of the experiment. Nonetheless, organic matter breakdown was 
faster at Terminos Lagoon than at SE Everglades since dry mass loss in R. 
mangle was lower than 50% after one year.
During the decomposition process, nitrogen concentrations increased 
in R. mangle leaves, causing C:N ratios to decrease from 77 to 29 at Taylor 
Dwarf and from 85 to 32 at Taylor Ridge. Nitrogen in A. germinans leaves 
also increased, causing C:N ratio to decrease from 51 to 27. Total mass of 
nitrogen content of decomposing litter had a variable pattern over the duration
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Table 4.7 Dry matter decomposition rates (k) for Rhizophora mangle 
and Avicennia germinans leaves at SE Everglades, Florida and Terminos 
Lagoon, Mexico. Different letters among sites and numers within sites are 
significantly different (p < 0.05).
Rhizophora mangle
k (days) R2 P
Taylor Dwarf3 
Intertidal1 -0.0011 0.56 p < 0.05
Supratidal1 -0.0015 0.73 p<0.01
Taylor Ridge3 
Fringe1 -0.0009 0.61 p < 0.05
Basin1 -0.0009 0.54 p < 0.05
Terminos Lagoonb 
Estero Pargo1 -0.0037 0.96 p<0.01
Boca Chica2 -0.0067 0.94 p < 0.05
Avicennia germinans




-0.0025 0.89 p < 0.001
-0.0026 0.92 p < 0.001
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of the experiment. Nitrogen mass content of R. mangle, at Taylor Dwarf and 
Ridge sites, was always above the original values decreasing at the end of the 
experiment only at Taylor Dwarf. Moreover, at those sites and after 184 days, 
nitrogen mass in R. mangle increased above 300 % of the original value 
(Figures 4.3a and 4.4a). Nitrogen mass content of A. germinans was also 
always above its initial value, decreasing at the end of the experiment. There 
was also a nitrogen peak, 200% above the original value, after 184 days 
(Figure 4.5a). A similar pattern was observed for R. mangle at Terminos 
Lagoon. At Boca Chica, the nitrogen peak occurred after only 65 days and 
then decreased steadily to its original value, while at Estero Pargo nitrogen 
remained above its initial value (Figure 4.6a).
Phosphorus concentrations in R. mangle also increased during the 
experiment, causing N:P ratios to decrease from 61 to 56 at Taylor Dwarf and 
from 44 to 40 at Taylor Ridge. Phosphorus in A. germinans leaves also 
increased along the experiment. However, both initial and final N:P ratios 
were similar (30). Total mass of phosphorus content of decomposing litter was 
less variable than that of nitrogen. Furthermore, P mass content in both 
mangrove species was always above their original value. P mass content in 
R. mangle, at both Taylor Dwarf and Ridge, was highest after 304 days, then 
decreased until the end of the experiment but the mass content was always 
above the original value (Figures 4.3b and 4.4b). P content in A. germinans 
also increased steadily along the experiment but with values lower than that of 
R. mangle (Figure 4.5b). P content in R. mangle at Terminos Lagoon was
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Figure 4.3 Total mass of nutrient remaining in R. mangle leaves 
during degradation at Taylor Dwarf, a) Nitrogen b) Phosphorus
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similar to that of SE Everglades sites. However, P mass content was highest 
after only 65 days, similar to that of nitrogen, and then decreased steadily until 
the end of the experiment (Figure 4.6b).
DISCUSSION
Nutrient limitation has been inferred from element ratios in live plants, 
litterfall, or from element ratios in the soil or water in which plants grow 
(Vitousek and Howarth 1991). The basis for using element ratios to infer 
nutrient limitation is due to the functional relationship between carbon, 
nitrogen, and phosphorus in living organisms (Redfield 1958). Empirical 
results based on a number of observations show that N:P ratios in plant 
tissues and soil are highly correlated with each other and reflect the relative 
abundance or scarcity of these elements in the environment (Bedford et al. 
1999). Experimental results from European and North American wetlands 
show that N:P ratios in plant tissues increased when N was added to 
mesotrophic fens (Verhoeven et al. 1990). Experimental additions of P in 
mangrove forests have shown that N:P ratios decreased in response to the 
nutrient that limited growth (Twilley 1995, Feller 1995, Koch and Snedaker 
1997). Thus, even though foliar nitrogen and phosphorus concentration can 
be used to infer nutrient availability, N:P ratios can better indicate the potential 
limitation of nutrients in plant communities.
Leaf fall N:P atomic ratios in mangrove forests from Terminos Lagoon 
averaged 72 (46-114 range) at Estero Pargo, while at Pom-Atasta averaged 
46 (30-57 range). Similar values have been found in leaf fall samples from
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Shark River, Fla., where values ranged from 40 to 55 (Lawton-Thomas 1997). 
As for sites at SE Everglades N:P values ranged from 46 to 114. Higher N:P 
ratios at SE Everglades suggest that these sites are P limited relative to the 
sites at Terminos Lagoon and Shark River. Particularly, the lower N:P ratios at 
Pom-Atasta suggest that P is not limiting primary production, while higher N:P 
ratios at Taylor Dwarf indicate that P may be limiting. Experiments where P 
has been added to dwarf R. mangle have shown that this species increases 
growth rate and decreases leaf esclerophylly (Feller 1995, Koch and 
Snedaker 1997). These experiments confirm field data that phosphorus is the 
element that most limit dwarf R. mangle primary production and growth in 
poor-phosphorus carbonate environments.
Nutrient cycling in forested wetlands is a process that is determined by 
the interaction of both plant-mediated effects and abiotic factors (Aerts et al. 
1999). Abiotic factors, such as runoff, river discharge, and tides, have been 
shown to be important in modulating the fate of litterfall once it reaches the 
forest floor. Accordingly, mangrove forests with less frequent tides have lower 
leaf fall turnover rates and greater immobilization of nutrients during leaf litter 
decomposition because less litter is lost from the system due to export (Twilley 
1995). Thus, immobilization and mineralization of nutrients are not only 
determined by the intra-system nutrient cycling but also by the external nutrient 
input via tides, river discharge, and atmospheric exchange. For nitrogen, 
atmospheric fixation is another new source nitrogen into the system (Van der 
Valk and Attiwill 1984). Thus, depending on the hydrology and nutrient
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involved, mangrove forests may serve as either nutrient source or sink (Rivera- 
Monroy et al. 1995). Results from the decomposition experiments show that 
both nitrogen and phosphorus were immobilized during the decomposition 
process. Phosphorus, the most limiting nutrient in carbonate systems, was 
strongly immobilized during most of the experiment (Figures 4.3b, 4.4b, and 
4.5b). In contrast, nitrogen was immobilized during the early stages of the 
decomposition process and released very slowly during the rest of the 
decomposition experiment (Figures 4.3a, 4.4a, and 4.5b). When neither 
nutrient is limiting, immobilization occurs only during the early stages of the 
decomposition after which mineralization takes place. This process was 
observed during the decomposition experiments at Estero Pargo and Boca 
Chica (Figure 4.6). Results from experiments at SE Everglades and Terminos 
Lagoon indicate that nutrients are more limiting at the Florida sites than at the 
Mexico sites. They further indicate that the accumulation of nitrogen and 
phosphorus may enhance the nutrient recycling on the forest floor in 
mangrove forests in the SE Everglades. Furthermore, low leaf turnover rates, 
in the basin zone at Estero Pargo and all SE Everglades sites, indicate that 
processes occurring on the forest floor are important for the nitrogen and 
phosphorus economy of these mangrove forests. These results indicate that 
turnover rates of nitrogen and phosphorus could be lower at SE Everglades 
site, while at Terminos Lagoon they could be higher.
Tidal continuum describes a natural gradient in which tides increase 
their flooding frequency as tidal amplitude increases. It has been shown that
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turnover rates increase, along a tidal continuum, from dwarf to riverine 
mangrove forests (Twilley et al. 1997). Turnover rates of leaf fall were 
previously discussed in chapter two. It was shown that leaf fall turnover rates 
at SE Everglades sites were relatively low when compared with mangrove 
forests where flooding events were high. It was also shown that leaf fall 
turnover rates were not significantly different between fringe and basin zones 
at each study site and that Taylor Dwarf site had the lowest turnover rate. 
However, leaf fall turnover rates in all my study sites at SE Everglades were 
lower than that of fringe forests where high tidal amplitude determined the fate 
of leaf litter on the forest ground. For instance, turnover rates in fringe, 
overwash, and basin forests at Rookery Bay, Fla., were greatly determined by 
the tidal activity. Turnover rates in these fringe and overwash forests were 6.4 
and 8.3 yr'1, while the basin forests ranged from 3.1 to 1.6 yr'1 (Steyer 1988). 
Turnover rates in my study sites at SE Everglades ranged from 1.6 in the dwarf 
forest to 2.2 yr'1 in the fringe forests. These results indicate that turnover rates 
in basin forests at Rookery Bay, Fla., were similar to that of dwarf and fringe 
forests at SE Everglades (Table 4.8). Low turnover rates at my study sites 
were associated to the low frequency of inundation on the fringe forests and to 
low tidal amplitude in the dwarf forest. Tidal amplitude in this region of Florida 
Bay ranges 10-20 cm (Wang 199); however, due to the presence of the 
Buttonwood Ridge, tidal amplitude is further diminished in the dwarf forests 
where it averages less than 10 cm (Sutula 2000). This low tidal amplitude 
further decreased the turnover rates at the dwarf forest relative to McCormick,
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Taylor Ridge, and Trout fringe forests. As for the site at Estero Pargo, it was 
shown that turnover rates were higher in the fringe zone (mean 6.1 y r1) than in 
the basin zone (mean 3.5 yr'1). These results indicate that turnover rates at 
Estero Pargo were associated with the tidal activity that averages 50 cm and 
the frequency with which the forest is flooded (Rivera-Monroy et al. 1995).
Nitrogen and phosphorus turnover rates were assessed by measuring 
nutrient content in both leaf fall and leaf standing litter. Nutrient turnover rates 
integrate the ecological processes of leaf degradation, nutrient immobilization, 
and export. These processes are also controlled by the frequency with which 
a wetland forest is flooded. Turnover rates of nitrogen at SE Everglades sites 
ranged from 2.7 to 1.0 y r1 and were lowest at Taylor Dwarf (Table 4.8), while at 
Estero Pargo ranged from 5.2 to 2.5 yr'1 with the fringe zone being higher than 
the basin zone. Nitrogen turnover rates at Rookery Bay, which were strongly 
associated to the tidal activity (Steyer 1988), were lowest in the basin forests 
and highest fringe and overwash forest (Table 4.8). Twilley et al. (1986) also 
showed that basin forests at Rookery Bay had also low nitrogen turnover rates. 
In a lowland tropical forest located in Brazil, where neither runoff nor river 
discharge were important, nitrogen turnover rates were also low (2.4 y r1)
(Scott et al. 1992). Phosphorus turnover rates in mangrove forests have not 
been extensively studied. Nonetheless, my results showed that phosphorus 
had a pattern similar to that of nitrogen. As with nitrogen, phosphorus turnover 
rates at SE Everglades sites were also low where Taylor Dwarf had the lowest 
value and Trout the highest (Table 4.8). These values fall within the low range
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Table 4.8 Dry matter and nutrient turnover rates, and resorption efficiency for different mangrove forests
Leaf fall Resorption Efficiency Turnover Rates (Years'1)
Mangrove Forests Location (Mg h a 'V ) Nitrogen Phosphorus Dry Mass Nitrogen Phosphorus Source
DWARF
FRINGE
SE Everglades 2.6 42 82 1.6 1 .0 1 .0 This Study
McCormick SE Everglades 6.2 45 81 1 .6 1 .5 1 .5 This Study
Taylor Ridge SE Everglades 6.5 50 81 1 .8 1 .7 1 .5 This Study
Trout SE Everglades 7.9 59 79 2 .9 2 .7 3 .6 This Study
Estero Pargo Terminos Lagoon 11.2 41 58 6 .3 5 .3 5 .3 This Study
Pom-Atasta Terminos Lagoon 7.5 34 64 - - - This Study
Rookery Bay 
BASIN
SW Florida 9.2 57 - 6 .4 * * Steyer 1988
McCormick SE Everglades 4.3 - - 2 .0 1 .2 1 .5 This Study
Taylor Ridge SE Everglades 6.2 - - ‘ 1 .7 1 .4 1 .8 This Study
Trout SE Everglades 5.4 - - 2 .9 2 .4 3 .2 This Study
Estero Pargo Terminos Lagoon 5.2 41 54 3 .5 2 .9 2 .5 This Study
Rookery Bay SW Florida 9.2 50 - 1 .6 1 .2 - Steyer 1988
Rookery Bay SW Florida 5.6 32 - 3.1 1 .8 - Steyer 1988
Rookery Bay SW Florida 3.2 - - 3 .6 2 .0 - Twilley et al. 1986
Rookery Bay SW Florida 3.9 - - 6 .3 4 .2 - Twilley et al. 1986
Rookery Bay 
RIVERINE
SW Florida 5.8 • - 2 .0 1.1 - Twilley et al. 1986
Boca Chica Terminos Lagoon 13.1 4 0 4 7 - - - This Study
Shark River SW Florida - 5 3 5 3 - - - Lawton 1997
Shark River SW Florida - 38 4 9 - - - Lawton 1997
Shark River SW Florida - 55 59 - - - Lawton 1997
Malaysia 8.1 - - 5 .0 - - Ong et al. 1982
Malaysia 8.1 - - 4 .0 - - O ngetal. 1983
associated with the low tidal amplitude. At Estero Pargo, phosphorus turnover 
rates were lower in the basin zone and higher in the fringe zone (Table 4.8). At 
the Brazilian lowland forest, phosphorus turnover rate was 2.8 yr'1 (Scott et al.
1992) which is similarly low as that of basin mangrove forests. My results 
suggest that local range of tides, at SE Everglades study sites, is relatively 
unimportant in driving the cycling processes occurring on the forest floor. It 
also suggests that both nitrogen and phosphorus are being strongly 
immobilized on the forest floor by the microbial community as it has been 
suggested for Australian mangrove forests where phosphorus is scarce 
(Alongi et al. 1992). Thus, mangrove forests at SE Everglades could be very 
efficient in cycling both organic matter and nutrients at the ground level and 
through the decomposition-immobilization-mineralization processes, nutrients 
may become available for plant uptake. However, the strong nutrient 
immobilization on the forest floor by the microbial community does not 
necessarily indicate that nutrients are readily taken up by the plant community 
once they are released. It was experimentally demonstrated that in very P- 
deficient soils, such as the case of SE Everglades, Pocosin forests in North 
Carolina, and temperate forests the microbial community was able to 
immobilize up to 90 % of the added phosphorus (Walbridge 1991, Chapin et 
al. 1978). The same experiments showed that when P-uptake by the microbial 
community was inhibited, as much as 90 % of phosphorus became available. 
These results suggested that as P availability increased along a natural 
gradient, the microbial control on P availability diminished along this gradient.
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Furthermore, the high degree of microbial immobilization suggests that plants 
living in phosphorus-poor environments are inefficient in taking-up nutrients 
from the soil due to the superior competitive abilities of soil microorganisms 
versus plant community (Cole et al. 1977). However, detailed studies on the 
role of soil microbial communities are needed before the complete 
significance of nutrient recycling process occurring on extremely poor-nutrient 
environments can be accurately evaluated. Nonetheless, my results suggest 
that nutrients are being strongly immobilized by the microbial community in 
response to the poor-phosphorus conditions that characterize most of the SE 
Everglades sites, particularly the dwarf mangrove forest. Thus, since nutrients 
are being recycled in situ on the forest ground, it would be expected to find 
low nutrient resorption efficiencies in all sites at SE Everglades, as it has been 
shown for basin mangrove forests at Rookery Bay, Fla. (Steyer 1988). 
Accordingly, nitrogen resorption in R. mangle was similarly low to that of the 
same species located in basin forests at Rookery Bay (Figure 4.7). Figure 4.7 
shows that along a decreasing tidal continuum and increasing soil nitrogen 
gradient, in which SE Everglades sites are at the end of it, there is a decrease 
in nitrogen resorption. This result suggests that the mangrove community at 
those sites would rely mostly on nutrients recycled in situ on the forest floor via 
leaf decomposition. This pattern has been demonstrated for basin mangrove 
forests where tides did not influence the decomposition-mineralization process 
occurring on the forest floor (Twilley 1995). A similar pattern was observed at 
Estero Pargo where nitrogen resorption was higher in the fringe zone and
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Figure 4.7 Nitrogen resorption for R. mangle along a decreasing tidal continuum 
and increasing soil nitrogen gradient. Soil data in mg cm-3. Data from Rookery Bay 
by Steyer (1988).
lower in the basin zone (Figure 4.8). This pattern indicates that nitrogen 
resorption is associated with litterfall dynamics occurring in this forest. 
Accordingly, leaf fall turnover rates were higher (6.1 y r1) in the fringe zone 
relative to the basin zone (3.5 yr'1). Thus, nitrogen resorption reflects the 
influence of the tidal hydrology on the fate of leaf fall on the forest floor. An 
interesting result is that both R. mangle and A. germinans responded similarly 
in resorbing nitrogen efficiently in the fringe forest and less efficiently in the 
basin forest. This result is consistent with Twilley et al. (1986) and Steyer 
(1988) who found that nitrogen resorption in mangrove forests decreases 
along a decreasing tidal continuum and along a natural gradient of increasing 
soil fertility.
Few studies have focused on the resorption efficiency of phosphorus in 
mangrove forests. These studies show that phosphorus resorption is also an 
important mechanism on the economy of mangrove forests (Lawton-Thomas 
1997, Feller et al. 1999). Phosphorus resorption efficiency has already been 
discussed in Chapter III, in which it was argued that phosphorus is the most 
limiting nutrient in carbonate environments and that high phosphorus 
resorption was an important mechanism to conserve this nutrient in poor- 
phosphorus environments (SE Everglades) relative to rich-P environments 
(Terminos Lagoon). Phosphorus resorption at Estero Pargo followed a pattern 
similar to that of nitrogen. Litterfall dynamics were also associated with the 
efficiency with which mangrove species resorb phosphorus (Figure 4.8). My 
results indicate that phosphorus resorption at the canopy level was higher in
135
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
the fringe zone and lower in the basin zone. This pattern indicates that P 
resorption efficiency, as with nitrogen, decreases along a natural gradient of 
soil fertility. An interesting result from this study is that phosphorus resorption 
efficiency was higher in R. mangle than that of A. germinans (Figure 4.8). In 
contrast, nitrogen resorption efficiency was higher in A. germinans relative to 
that of R. mangle. These traits may confer on R. mangle a competitive 
advantage over A. germinans when phosphorus is the limiting nutrient. 
Although there are a number of abiotic and biotic factors that contribute to 
zonation patterns (Smith 1987, McKee 1993), the differential use and 
conservation of nutrients may influence the structure and vegetation dynamics 
in mangrove ecosystems. Since environmental differences, in terms of soil 
fertility and tidal activity, among study sites at SE Everglades were very small, 
phosphorus resorption could not be related to differences in litterfall dynamics 
(Figure 4.9). Moreover, phosphorus resorption results by Lawton-Thomas 
(1997) did not show significant differences along either a tidal continuum or 
soil fertility gradient. Thus, I was not able to relate phosphorus resorption to 
litterfall dynamics. Nonetheless, results from both nitrogen and phosphorus 
resorption efficiency, between SE Everglades and Terminos Lagoon, show 
that there are different mechanisms to conserve nutrients along a tidal 
continuum and a fertility gradient. Thus, in areas of high litterfall turnover rate, 
associated with increasing tidal activity, higher recycling efficiency occurs at 
the canopy level via nutrient resorption, while in areas where tides are less
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Figure 4.8 Nutrient resorption along a decreasing tidal continuum 
and increasing soil fertility at Estero Pargo, Terminos Lagoon 
Soil nitrogen (mg cm-3).
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Figure 4.9 Phosphorus resorption for R. mangle along a increasing nutrient gradient, 
and decreasing tidal continuum. Riverine data by Lawton-Thomas (1997).
frequent, nutrient recycling occurs on the forest floor via nutrient immobilization 
associated with leaf degradation.
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It has been suggested that litterfall production is a function of the 
hydrologic characteristics within the forest in which litterfall increases along a 
tidal continuum (Pool et al. 1975). Twilley et al. (1986) found that mean ranks 
of litterfall production follow the order: riverine > fringe > basin > dwarf, 
supporting the early hypothesis by Pool et al. (1975). Results from the present 
study followed the ranking proposed by Twilley et al. (1986), in which the 
annual litterfall production at both study regions increased along a tidal 
continuum. SE Everglades litterfall production increased from the dwarf forest 
to the fringe forests, while at Terminos Lagoon increased from basin to riverine 
forests. My results indicated that the hypothesis in which hydrology influences 
litterfall production can be applied to both the SE Everglades and Terminos 
Lagoon sites. This is important because better predictions concerning the 
influence of hydrology on litterfall production in mangrove ecosystems can be 
made regardless of the either terrigenous or carbonate environmental setting. 
Interstitial salinity has been postulated to be a factor that could negatively 
influence litterfall production. Results from this research indicated that there 
was a wide range of soil salinity values affecting litter production.
Nonetheless, my results show that there is a negative effect of soil salinity on 
litterfall production, especially on those sites where tides infrequently flood the 
mangrove forest, such as basin forests at Terminos Lagoon.
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TURNOVER RATES 
Three processes influence turnover of litter in mangrove forests: litterfall, 
decomposition rates, and litter export. The relative influence of each of these 
processes is important in determining the fate of litter on the forest floor. My 
results demonstrated that leaf fall turnover rates at SE Everglades sites were 
relatively low when compared to mangrove forests where flooding events were 
high. Low turnover rates at my study sites were associated with the low tidal 
amplitude in the northeastern Florida Bay region. This low tidal amplitude 
further decreased the turnover rates in the dwarf forest relative to the fringe 
mangrove sites. Estero Pargo site shown higher turnover rates in the fringe 
zone than in the basin zone. This pattern indicated that turnover rates at 
Estero Pargo were associated to the local tidal activity. On the whole, litterfall 
dynamics were associated with the higher tidal amplitud at Estero Pargo, while 
at SE Everglades litterfall dynamics were less influenced by the tidal activity 
that was lower than that of Terminos Lagoon. Thus, due to the infrequency . 
with which tides inundate mangrove forests at SE Everglades, litter residence 
time was higher in these forests causing in situ litter decomposition to be high 
at SE Everglades sites. In contrast, at Terminos Lagoon the fringe forest was 
frequently inundated causing litter residence time to be shorter. Thus, litter 
decomposition exerted a minor influence in determining litter turnover rates in 
the fringe forests. My results suggested that the fringe zone may have a more 
open biogeochemical cycle of nutrients exchanging nutrients and organic 
matter to and from the adjacent tidal channel. They also suggested that in
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basin forests there was a different mechanism to cope with low nutrient input 
by tides, in which in situ litter decomposition played an important role in 
recycling nutrients on the forest floor.
NUTRIENT RESORPTION 
L. racemosa was able to resorb nitrogen successfully at levels below 7 
mg g \  Similar values were reported for L. racemosa trees located at Shark 
River where reduction of nitrogen was 5.3 mg g'1. R  mangle is the mangrove 
species that was able to resorb nitrogen efficiently after L. racemosa. My 
results suggested that in mangrove forests dominated by nitrogen proficient 
species, nitrogen resorption will be potentially higher than in mangrove forests 
dominated by less proficient species. Nitrogen use efficiency values (NUEn) 
from other mangrove sites revealed that NUEn values at Terminos Lagoon 
sites were the lowest. NUEn values among several Florida sites show that SE 
Everglades sites were, on the average, the lowest in the region. At the 
Terminos Lagoon sites, low nitrogen use efficiency values indicated that these 
sites were less limited by nitrogen than the sites at SE Everglades. My results 
suggested that species composition was an important factor in regulating the 
efficiency of using limiting resources. Accordingly, sites dominated by R  
mangle exhibited the highest NUEn values, while site dominated by A. 
germinans exhibited the lowest NUEn values. Thus, it seems that R  mangle 
uses nitrogen more efficiently than A. germinans..
In terms of phosphorus at the SE Everglades sites, mangrove species 
were highly phosphorus proficient, while at Terminos Lagoon only R  mangle
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was able to reduce P to levels lower than the threshold value. On the average, 
phosphorus resorption efficiency was higher at SE Everglades sites than at 
Terminos Lagoon. In particular, R. mangle had the highest resorption 
efficiency among the three mangrove species. In contrast, A. germinans had 
the lowest resorption efficiency at both study regions. Thus, my results 
indicated that phosphorus played a major role in driving nutrient resorption 
when phosphorus availability is extremely low. Phosphorus use efficiency 
(NUEp) was highest at most sites at SE Everglades relative to Terminos 
Lagoon sites. As observed for nitrogen, R. mangle used phosphorus more 
efficiently than A. germinans at both Terminos Lagoon and SE Everglades 
regions. My results demonstrated that phosphorus was more limiting at SE 
Everglades than at Terminos Lagoon. This is so, because in carbonate 
environments phosphate is usually occluded within clay and silt particles 
causing P to be unavailable for plant uptake. By looking at N:P soil ratios, I 
was able to demonstrate that mangrove species at SE Everglades were more 
efficient in resorbing both nitrogen and phosphorus than mangrove species at 
Terminos Lagoon. Thus, mangrove species from phosphorus-poor 
environments had higher nitrogen and phosphorus resorption than mangrove 
species from phosphorus-rich environments. My results further indicated that 
increase in phosphorus availability at Terminos Lagoon mangrove species 
decreased the efficiency in which nitrogen and phosphorus were resorbed. 
Thus, the hypothesis that mangrove species from nutrient-poor environments
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have higher nutrient resorption and use efficiency than species from nutrient- 
rich environments did hold.
LITTERFAL DYNAMICS LINKED TO NUTRIENT RESORPTION 
Nutrient cycling in forested wetlands is a process that is determined by 
the interaction of both plant-mediated effects and abiotic factors. Abiotic 
factors, such as, runoff, river discharge, and tidal amplitude, have been shown 
to be important in modulating the fate of litterfall once it reaches the forest floor. 
My results showed that infrequently flooded mangrove forests had lower leaf 
fall turnover rates and greater immobilization of nutrients during leaf litter 
decomposition because less litter was exported out of the system. Indeed, 
phosphorus, the most limiting nutrient in carbonate systems, was strongly 
immobilized during the leaf degradation process. In contrast, nitrogen was 
immobilized during the early degradation stages and released very slowly 
during later decomposition stages. Results from the degradation experiments 
at SE Everglades and Terminos Lagoon indicated that nutrients were more 
limited at the Florida sites than at the Mexico sites. It further suggested that the 
accumulation of nitrogen and phosphorus may enhance the recycling of these 
nutrients on the forest floor in mangrove forests at SE Everglades. Therefore, 
mangrove forests at SE Everglades could be very efficient in cycling both 
organic matter and nutrients at the ground level and through the 
decomposition process nutrients may become available for plant uptake. High 
degree of microbial immobilization suggests that plants living in phosphorus- 
poor nutrient environments are inefficient in taking-up nutrients from the soil
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due to the superior competitive abilities of soil microorganisms versus plant 
community. However, detailed studies on the role of soil microbial 
communities are needed before the complete significance of nutrient recycling 
processes occurring on extremely nutrient-poor environments can be accurate 
evaluated. Nonetheless, my results suggested that nutrients were being 
strongly immobilized by the microbial community in response to the poor- 
phosphorus conditions that characterized most of my study sites at SE 
Everglades, particularly the dwarf mangrove forest. My results showed that 
nutrient resorption was associated to the litterfall dynamics occurring in this 
forest. This result was consistent with a number of studies that found that 
nutrient resorption in mangrove forests decreases along a decreasing tidal 
continuum and along a natural gradient of increasing soil fertility.
Comparative studies, between SE Everglades and Terminos Lagoon, showed 
that there were different mechanisms to conserve nutrients along a tidal 
continuum and a fertility gradient. Accordingly, in areas of high litterfall 
turnover rate associated with increasing tidal activity, higher recycling 
efficiency occurred at the canopy level via nutrient resorption, while areas 
where tides were less frequent, nutrient recycling occurred on the forest floor 
via nutrient immobilization associated with leaf degradation.
CONCLUSIONS
A number of studies, both experimental and field data, have shown that 
plant species living in nutrient-poor environments have no specific adaptions 
to cope with nutrient limitation. The field data from this study showed that
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mangrove species, located in phosphorus-poor environments, were more 
efficient in using the nutrient resources avaliable to them than the same 
mangrove species located in phosphorus-rich environments. Thus, by 
comparing these two contrasting environments, I was able to demonstrate that 
mangrove species living in extreme-poor phosphorus conditions have 
developed a nutrient conservation mechanism. Nutrient resorption, 
particularly phosphorus and nitrogen, is the mechanism that mangrove 
species have developed to cope with the nutrient-poor conditions of their 
environment. My field data are consistent with experimental data which have 
shown that mangrove species, particularly R. mangle, decrease the efficiency 
with which nutrients are resorbed in response to increasing nutrient 
conditions. I was also able to demonstrate that nutrient resorption was linked 
to the litterfall dynamics of mangrove species. Nutrient resorption at the 
canopy level was higher in forest where litter turnover was higher. In contrast, 
in forests where litter turnover is low, nutrient recycling on the forest ground 
becomes an important mechanism to conserve nutrients via nutrient 
immobilization.
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